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PREFACE  TO  THE  FIRST  EDITION. 


The  object  of  this  book  is  to  present  the  elements 
of  the  entire  subject  of  Physical  Chemistry  in  one  volume, 
together  with  the  important  and  but  little  known  appli- 
cations of  it  to  the  other  branches  of  chemistry.  Many 
j>ersons  have  found  it  difficult  to  obtain  a  comprehensive 
outline  of  the  subject,  owing  to  the  length  of  time  which 
it  has  been  necessary  to  spend  upon  the  separate  volumes 
devoted  to  special  portions  of  it.  To  all  such  this  volume 
may  be  of  value. 

It  is  especially  intended  as  a  text-book  for  either  class- 
work  or  self-instruction,  and  although  the  calculus  is 
used  in  the  derivation  of  some  of  the  laws,  still  much 
can  be  done  without  any  training  in  the  higher  mathe- 
matics. In  general,  references  are  given,  so  that  any 
one  wishing  to  make  an  extended  study  of  any  special 
portion  may  do  so  with  little  difficulty.  The  amount 
of  the  subject  included,  however,  embraces  that  whic> 
is  likely  to  be  useful  to  all  chemists,  and  is  that  wh 
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is   being  given   to  all  chemical  students  at  Columbia 
University. 

No  claims  of  originality  are  made  for  the  major  por- 
tion of  the  text,  for  Ostwald's  Lehrbuch  der  allgemeinen 
Chemie  and  Analytical  Chemistry,  as  well  as  Le  Blanc's 
Electrochemistry  and  Nemst's  Theoretical  Chemistry, 
have  been  very  freely  used.  Some  things,  however, 
will  be  found  in  a  new  form,  which  it  is  hoped  is  simpler 
and  clearer  than  the  usual  one. 

The  arrangement  as  well  as  the  scope  of  the  volume 
is  new,  which  I  think  makes  the  subject  more  logical  and 
clear. 

J.  L,  R.  M. 

D'BSiAMXiUSHT  OF  PHYSICAL  ChEMISTKY, 

Havemeyer  Laboratory, 
CoLtJMBiA  University, 
December,  1898. 


PREFACE  TO  THE  SECOND  EDITfON. 


In  preparing  this  edition,  I  have  endeavored  to  do 
three  things:  first,  to  bring  the  subject-matter  itself 
up  to  date;  second,  to  make,  wherever  possible,  the 
relations  clearer  than  before;  and  third,  to  render  the 
book  itself  more  useful  to  those  studying*  the  subject 
without  an  instructor.  The  physical  meaning  of  all 
relations  is  shown,  so  that  those  who  have  not  sufficient 
mathematical  training  to  actually  derive  the  single  re- 
lations will  at  least  understand  them  and  be  able  to 
apply  them  when  necessary.  Many  things  found  super- 
fluous in  the  old  edition  have  been  omitted  and  a  number 
of  new  relations  added.  Following  the  advice  of  Prof. 
Ostwald,  the  chapter  on  the  r61e  of  the  ions  in  analytical 
chemistry  has  been  given  a  place  in  Chapter  VTI  between 
chemical  equilibrium  and  kinetics.  In  Chapter  X  a 
collection  of  problems  is  given  which  will  show  the  value 
and  application  of  each  important  relation  considered. 
This  collection,  I  think,  will  be  particularly  acceptable 
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to  those  studying  alone,  as  well  as  to  others  who  have 
already  studied  the  subject  but  not  yet  attempted  to 
apply  it. 

J.  L,  R.  M. 

Havbmeyer  Laboratories, 
December,  1901. 


PREFACE  TO  THE  THIRD  EDITION. 


As  a  basis  for  the  revision  of  this  work  I  have  been  so 
fortunate  as  to  have  a  copy  of  the  former  edition  contain- 
ing suggestions  and  criticisms  from  the  hand  of  Prof. 
Ostwald.  For  his  great  kindness  in  having  volunteered 
to  take  this  trouble,  and  for  many  other  favors,  both 
during  my  student  days  and  since,  I  am  indeed  very 
grateful,  and  I  cannot  allow  this  opportunity  to  pass 
without  expressing  to  him,  as  far  as  words  may  suflSce, 
my  sincerest  thanks.  Further,  I  wish  to  acknowledge 
the  influence  of  his  "  Vorlesungen  fiber  Naturphilosophie," 
some  points  of  which  I  have  attempted  to  apply  in  this 
edition. 

The  ideas  I  have  had  in  mind  in  making  this  revision 
may  be  sunmiarized  as  follows:  To  bring  the  subject- 
matter  up  to  date;  to  distinguish  sharply  between 
h)rpothesis  and  fact,  avoiding  the  former  as  far  as  is 
possible;    and   to  accentuate   the   physical  meaning  of 

the  results  of  matljematical  reasoning,  i.e.,  to  employ 
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mathematics  simply  as  a  means  to  an  end,  and  to  make 
the  matter  as  inteUigible  as  possible,  even  to  the  non- 
mathematical  reader.  In  few  words  the  motive,  if  I 
may  so  express  myself,  of  this  edition  is  to  treat  the 
subject  as  something  which  can  be  applied  to  other 
branches  and  to  illustrate  the  application  and  methods 
of  application  by  the  use  of  nimierous  problems.  In 
this  way  it  is  hoped  that  the  subject,  instead  of  being 
merely  a  more  or  less  interesting  theoretical  study,  as 
is  too  often  the  case,  may  appeal  to  the  student  as  a  tool 
by  the  aid  of  which  actual  results  may  be  obtained.  This 
plan  is  the  expression  of  the  need  of  my  own  students, 
and  I  assume  consequently  that  it  will  be  welcome  to 
others  who  not  only  wish  to  know  the  subject,  but  also 
to  use  it. 

J.  L.  R.  M. 

CoLXTMBiA  University, 
May,  1905* 


PREFACE  TO  THE   FOURTH  EDITION. 


All  the  changes  made  m  this  edition  have  been  under- 
taken with  the  view  of  bringing  the  subject-matter  up 
to  date  and  making  the  various  relations  more  intel- 
ligible to  the  average,  non-mathematical,  reader.  To 
this  end,  and  to  retain  the  approximate  size  of  the 
volume,  the  more  imnecessary  portions  of  the  other 
editions  have  been  omitted,  and  in  all  cases  the  physical 
meaning  of  the  derived  relations  has  been  given  imme- 
diately after  the  derivation,  in  order  that  those  who 
cannot  follow  the  derivation  may  at  least  be  able  to 
use  in  practice  the  results  obtained  from  it.  The  sec- 
tions on  "indicators"  and  "general  analytical  reac- 
tions" have  been  omitted,  for  they  are  now  presented 
in  all  the  better  text-books  on  analytical  chemistry. 

J.  L.  R.  M. 

Columbia  University, 

June,  1908.  iz 
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ELEMENTS   OF    PHYSICAL   CHEMISTRY. 


CHAPTER  I. 
INTRODUCTORY  REMARKS. 

z.  Physical  Chemistry  is  that  branch  of  the  science 
of  chemistry  which  has  for  its  object  the  study  of  the  laws 
governing  chemical  phenomena. 

Other  titles  for  this  subject  are  also  in  use  (General 
Chemistry,  Theoretical  Chemistry),  but,  since  the  sub- 
jects treated  lie  in  that  border-land  between  Physics 
and  Chemistry,  and  since  many  purely  physical  methods 
are  used,  the  term  Physical  Chemistry  is  the  most  de- 
scriptive one,  and  is  to  be  preferred.  The  subject  of 
Physical  Chemistry  is  usually  divided  into  two  parts: 
Stoichiometry  and  Chemical  Energy,  the  latter  term  in- 
cluding the  laws  of  aflSnity  and  all  other  aUied  subjects. 
As  it  is  difficult,  however,  to  make  a  sharp  distinction, 
we  shall  consider  both  together,  dividing  the  subject 
only  into  minor  portions  in  the  form  of  chapters. 
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2.  Energy. — Since  much  of  our  work  has  to  do  with 
the  different  forms  of  energy,  it  will  be  well  first  to  recall 
some  points  which  later  we  shall  use  constantly. 

Force  is  whatever  changes,  or  tends  to  change,  the 
motion  of  a  body  by  altering  its  direction  or  its  magni- 
tude. The  unit  of  force  is  the  dyne.  A  dyne  acting 
upon  a  gram  for  one  second  will  give  it  the  velocity 
of  I  centimeter  per  second,  and  n  dynes,  n  centimeters 
per  second.  At  Washington  a  body  faUing  freely  for 
one  second  acquires  the  velocity  of  980.10  centimeters, 
therefore  the  force  of  gravitation  of  1  gram  at  Wash- 
ington is  equal  to  980.1  dynes. 

Work, — ^The  unit  of  work  is  that  work  which  is  done 
when  unit  force  is  overcome  through  unit  distance.  This 
is  called  the  erg.    We  have  then 

dynes  X  centimeters = ergs. 

The  maximum  work  to  be  obtained  from  any  process  is 
that  amount  which  can  be  produced  under  ideal  con- 
ditions. 

Energy  is  work  or  anything  which  can  be  transformed 
into  work,  or  produced  from  work;*  Mechanical  energy  is 
of  two  kinds,  kinetic  and  distance — the  former  being  due 
to  motion,  the  latter  to  position.  As  all  forms  of  energy 
can  be  transformed  the  one  into  the  other,  the  general 

» 

*  See  Oswald's  Vorlesungen  iiber  Naturphilosophie.  Second  edition 
p.  158. 
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unit  of  energy  is  the  erg,  Since  it  is  impossible  to  re- 
move all  the  energy  from  a  body,  we  have  no  way  of 
determining  how  much  is  contained  in  it.  We  can  only 
measure  the  excess  of  energy  which  a  body  contains  in 
a  given  state  over  that  which  it  contains  in  a  certain 
standard  state.  This  is  determined  by  allowing  a  body 
to  go  from  the  given  state  to  the  standard  state  in  such 
a  way  that  the  difference  in  energy  all  appears  in  a 
measurable  form,  for  example,  as  heat.  If  we  measiu'e 
this  heat,  we  have  the  energy  of  the  body  in  the  given 
state,  as  compared  to  that  in  the  normal  state. 

3.  Atomic  and  Molectilar  Weights. — Since  we  are  to 
make  very  extensive  use  of  these  two  factors  in  our  later 
work,  it  is  quite  necessary  here  to  make  clear  the  exact 
meaning  of  the  words,  as  we  shall  employ  them.  A 
glance  at  the  practical  application  of  the  concepts  shows 
that  there  is  nothing  h)rpothetical  about  them,  other  than 
the  derivation  of  the  words.  It  is  unfortunately  true, 
however,  that  from  this  one  early  acquires  the  idea  that 
the  actual  results  of  an  analysis  or  chemical  reaction  are 
dependent  not  only  upon  the  practical  work,  but  also  upon 
the  molecular  or  atomic  hypothesis.  This  idea  is  so  strong, 
indeed,  that  it  is  not  uncommon  to  find  people  assuming 
that  any  direct  proof  contrary  to  the  hypotheses  would 
actually  affect  the  practical  results  themselves.  It  is  not 
possible  to  discuss  this  question  in  detail  here,  so  the 
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reader  must  be  referred  elsewhere.*  The  definition  of 
the  two  terms,  however,  will  serve  to  show  that  they  are 
simply  expressions  of  experimentally  determined  facts,  and 
in  such  a  sense  they  are  used  throughout  this  book. 

In  order  that  a  similar  confusion  may  be  avoided  with 
the  other  concepts,  which  are  introduced  later  in  our 
work,  we  shall  always  define  each  concept  in  terms  of  ex- 
periment,  for  then  there  can  be  no.  question  as  to  whether 
it  is  hypothetical  (susceptible  to  neither  proof  nor  dis- 
proof), or  a  fact,  a  theory  which  can  be  proven  or  disproven 
by  further  experiments,  or  a  law  which  has  been  proven 
by  past  experiments. 

The  molecular  or  formula  weight  in  the  gaseous  state 
(that  in  other  states  will  be  defined  later)  expresses  the 
number  of  units  of  weight  of  gas  which  at  o®  C.  and  i 
atmosphere  pressure  occupy  the  same  volume  as  32  units 
of  weight  of  oxygen,  or  2  xmits  of  weight  of  hydrogen; 
i.e.,  approximately  22.4  liters  (see  p.  9)  when  the  unit 
of  weight  is  taken  as  the  gram,  or  a  corresponding  volume 
at  any  other  temperature  or  pressure.  Since  the  factor 
for  the  conversion  of  grams  into  ounces  (av.)  (0.0353)  ^s 
the  same  as  that  for  the  conversion  of  liters  into  cubic 
feet,  this  relation  also  holds  for  ounces  (av.)  and  cubic 
feet.  In  other  words,  the  molecular  weight  of  any  gas, 
expressed  in  oxmces  (av.),  occupies  the  volume  of  22.4 
cubic  feet  at  o®  and  i  atmosphere  pressure. 

*  See  Ostwald,  1.  c. 
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The  atomic  or  combifiing  weight  of  any  element  is 
the  weight  which  combines  with  i6  xmits  of  weight  of 
oxygen,  or  some  multiple  or  submultiple  of  that;  or 
combines  with  the  combining  weight  of  some  other 
element,  the  value  of  which  is  expressed  in  terms  of 
oxygen.  Or  is  the  weight  which  combines  with  i  gram 
of  hydrogen,  or  some  multiple  of  it. 

A  much  simpler  definition  of  atomic  or  combining 
weight,  applicable  to  the  states  in  which  the  molecular 
or  formula  weight  can  be  determined  by  direct  experi- 
ment, is  the  following:  The  atomic  or  combining  weight 
is  the  smallest  weight  of  an  element  which  is  found  to 
exist  in  the  molecular  or  formula  weight  of  any  com- 
pound. 


CHAPTER  n. 
THE  GASEOUS  STATE. 

4.  Definition  of  a  gas. — ^A  gas  is  distinguished  by  its 
property  of  indefinite  expansion.  In  other  words,  a  gas 
is  limited  in  volume  only  by  the  walls  of  the  vessel  which 
contains  it. 

5.  The  gas  laws. — ^These  are  the  result  of  experience 
as  to  the  behavior  of  gases  in  general  imder  var3dng 
conditions. 

Boyle^s  (Mariotte^s)  law:  At  constant  temperature  the 
volume  of  any  gas  is  inversely  proportional  to  the  pres- 
sure under  which  it  exists, 

K  V  represents  the  volimie  of  any  weight  of  a  gas  at 
the  pressure  p,  and  V\  the  volimie  of  the  same  amoxmt 
of  the  gas  at  the  pressure  pu  then 

^=^1^1  =  constant  for  constant  temperature. 

If  the  tempwature  is  different  for  the  two  cases  the 
product  pv  is  no  longer  equal  to  the  product  p\Vi. 

The  effect  of  a  change  in  temperature  upon  the 
vplimie  of  a  gas  is  given  by  the  law  of  Charles  (Dalton, 
Gay-Lussdc);    The  volume  of  any  gets  increases  by  the 
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7/27J  part  of  its  volume  at  0°  C.  for  every  increase  of  its 
temperature  equal  to  1°  C, 

If  the  temperature  were  decreased  continuously  from 
0°,  we  would  finally  reach  a  point  at  which  the  volume 
is  equal  to  zero.  Provided  that  the  law  of  Charles  holds 
for  such  a  low  temperature,  this  point  will  be  273  centi- 
grade degrees  below  0°  C.  This  point  is  called  the 
absolute  zero,  and  the  temperature  measured  from  it  in 
centigrade  degrees  is  the  absolute  temperature.  This  is 
designated  by  the  letter  7",  the  temperature  according 
to  the  centigrade  scale  being  distinguished  by  the  letter 
/.     Between  these  two  terms,  then,  we  have  the  relation 

r=/-f273,    or    /  =  r-273. 

The  volume  of  a  gas  is  thus  proportional  to  its  abso- 
lute temperature,  provided  its  pressure  remains  constant; 
and,  by  Boyles'  law,  its  pressure  is  proportional  to  the 
absolute  temperature,  when  its  volume  remains  con- 
stant. From  this  we  can  now  find  the  value  of  the 
product  pv  for  any  temperature.    We  have 


hence 


var(/>  =  const.), 

I  ,_  . 

va-(i=  const.); 
P 


T 

V(x-r 
P 


8  ELEMENTS  OF  PHYSICAL  CHEMISTRY, 

and 

P 
or 


pv=kT. 


But  at  o°  C. 


/>oVo  =  *273, 


and  combining  these  two  equations,  with  elimination  of 
the  constant  *,  we  find 

273 

PqVq 

This  term  is  a  constant  for  any  one  gas,  how- 
ever, for  ^0  =  1033  grams  per  square  centimeter  (i.e., 
76X13.59)  and  1^0  is  the  volume  occupied  by  a  definite 
weight  of  the  gas  under  this  pressure  at  the  tempera- 
ture of  0°  C. 

If  vq  is  the  volimie  of  i  gram  of  gas  at  0°,  76  cms., 
we  have 

#.=rr(l.e.,|^tor,g,..,). 
where  v  is  the  volimie  of  i  gram  of  gas  at  the  tempera- 
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ture  T  and  the  pressure  p,  and  r  is  the  specific  gas  con- 
stant of  the  gas. 

Or,  comparing  such  quantities  of  diflFerent  gases  as 
will  give  the  volume  of  22.4  liters  at  0°  C.  and  i  atmos- 
phere pressure  (i.e.,  comparing  the  molecular  weights), 
we  find 

(i)  pV=^RT(le.y  Y^  for  i  mole*=i?j, 

where  R  is  the  molecular  gas  constant,  which  is  the  same 
for  all  gases,  r  multiplied  by  the  molecular  weight  of 
the  gas,  then,  must  be  equal  to  R,  for  Mv^^V  and  con- 
sequently Mr=R;  i.e.,  r  is  inversely  proportional  to  the 
molecular  weight  of  the  gas. 

Equation  (i)  is  the  equation  of  state  for  gases.  In  it 
p,  the  pressure,  is  to  be  expressed  as  a  weight  in  grams 
upon  the  square  centimeter,  V  is  the  volume  of  one 
mole  in  cubic  centimeters,  and  T  is  the  absolute  tem- 
perature in  centigrade  degrees,  i.e.,  r=/  +  273°. 

The  molecular  gas  constant,  R,  which  is  an  energy 
quantity,  since  p  times  V  represents  work,  and  T  is  a 
pure  nimiber,  may  be  calculated  as  follows: 

T      D    /^o^o    T/  u  D    22400X1033 

In  R=^- ,   Fo  =  224oo  cc,  hence  R  = ^^ 

273  273 

=84800  gram  centimeters,  where  the  weight  of  i  gram 

♦  From  here  on  we  shaj  call  the  molecular  weight  in  grams  the  mole, 
as  has  been  proposed  by  Prof.  Ostwald.  A  mole  of  any  gas  at  0°  and 
76  cms.  pressure  occupies  22.4liters,  which  is  the  average  result  of  many 
detenninations  on  different  gases. 
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per  square  centimeter  is  taken  as  the  unit  of  pressure. 

To  transform  this  into  absolute  imits  it  is  then  only 

necessary  to  multiply  it  by  980.1  (page  2). 

Or,  if  pQ  is  given  in  atmospheres  and  Vq  in  liters,  we 

have 

PoVq    22.4 
R  =  —Tp-  = =  0.082 1  hter-atmospheres, 

a  liter-atmosphere  being  the  work  done  by  i  atmosphere 
on    a    square    decimeter    through    a    decimeter;     and 

i?==^-^r^=8.3iXio7  ergs,  when  p  is  given  in  dynes  and 

V  in  cc. 

If  the  gas  is  formed  from  a  solid  or  liquid,  i.e.,  trans- 
formed from  a  negligibly  small  volume  to  the  volume  it 
occupies  as  a  gas  at  p  and  T,  V  in  equation  (i)  will  be 
the  increase  in  volume,  and  pV  (i.e.,  pJl^  will  express 
the  external  work  done  when  i  mole  of  the  gas  is  formed 
from  negligible  volume.    We  shall  have  then 

pJV  =  RT, 

and  since,  so  long  as  the  gas  laws  hold,  pressure  and 
volume  at  constant  temperature  will  be  inversely  pro- 
portional, RT  will  always  have  the  same  value  for  one 
mole  at  any  one  temperatiu*e,  independent  of  the  pres- 
sure. We  can  always  use  the  RT  side  of  the  equation, 
then,  to  express  the  work,  and  need  not  first  find  the 
volume  at  the  required  pressure  and  then  their  product, 
for  although  an  infinite  number  of  volumes  would  be 
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possible,  depending  on  the  pressure,  the  product  of  p 
and  JV  would  always  be  the  same  at  T,  and  equal  to 
RT.  In  addition  to  the  definition  of  molecular  or 'for- 
mula weight,  as  a  gas,  already  given,  i.e.,  the  weight 
occupying  the  same  vohtnie  as  ^2  grams  of  oxygen ,  or 
I  gram  of  hydrogen,  under  like  conditions  of  pressure 
and  temperature y    we   have,  then,  the    following:     TJ:e 

molecular  or  formula  weight  of  a  substance  in  the  gaseo::s 

* 

state  is  that  weight  which,  in  being  formed  from  negU- 
giUe  volume  at  any  .temperature  T  against  any  pressure, 
does  the  external  work  RT. 

Since  equation  (i)  for  n  moles  would  lead  to  nRT, 
so  here  the  work  of  forming  n  moles  would  naturally 
be  nRT.  The  units  in  which  it  is  expressed  being 
dependent  upon  the  one  selected  for  the  expression  of 
R    (gram-centimeters,    calories,    liter-atmospheres,    ergs 

etc.). 

In  calculating  either  p,  v,  or  T,  when  the  other  two 

are  known,  we  can  make  use  of  equation  (i),  or  of  the 

simple  proportions: 

V\  :v2::p2' pi     (const.  T) 

Vi:v2::Ti:T2    (const,  p) 

Pi'p2''Ti:T2   (const  v) . 

DaUon^s  law  refers  to  the  pressure  -exerted  by  the 

single  gases  in  a  mixture  of  gases. 

The  pressure  exerted  upon  the  walls  of  a  -vessel  con- 

taining  a  mixture  of  gases  is  equal  to  the  sum  of  the  pres- 
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sures*which  the  single  gases  would  exert  were  they  alone 
in  the  vessel.  The  exact  meaning  of  this  will  be  seen 
from  the  following  example:  WTien  into  a  closed  ex- 
hausted vessel  we  introduce  i  gram  of  gas  it  will  exert 
a  certain  pressure  upon  each  square  centimeter  of  the 
surface.  If  now  we  introduce  a  second  gram  of  the 
same  or  a  different  gas,  it  will  exert  exactly  the  same 
pressure  upon  the  vessel  that  it  would  have  exerted  had 
the  first  gram  not  been  there.  Upon  the  walls,  however, 
with  the  same  gas^  the  pressure  will  be  doubled. 

One  Jaw  still  remains  to  be  considered  which  has  had 
and  still  has  great  value  in  chemistry;  it  is  Avogadro^s 
law:  All  gases  under  the  same  conditions  of  pressure 
and  temperature  contain  in  unit  volume  the  same  number 
of  moles.  In  its  original  form  this  relation  referred^  to 
the  hypothetical  molecules  themselves  (not  to  gram 
molecules,  i.e.,  moles),  and  hence  was  h)TX)thetical. 
In  the  form  given  above,  however,  it  is  simply  expressive 
of  the  definition  of  molecular  weight  already  given 
(pp.  4,  9,  and  ii).  As  a  matter  of  fact  the  original  form 
has  alwaj-s  been  used  of  late  as  though  it  did  refer  to 
gram  molecules,  so  that  the  hypothetical  character  has 
been  lo^t,  and  the  relation  may  well  be  designated  as 
Avogadro's  law. 

By  determining  the  density  of  viny  gas  referred  to 
oxyg^^n  it  is  verj"  easy*  then,  to  determine  its  molcular 
or  formula  \\-eight.    Since   ev^ual  wJumes   under  like 
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conditions  contain  the  same  number  of  moles,  the  weights 
of  these  volumes  will  be  related  as  the  molecular  weights, 
the  basis  of  which  is  that  of  oxygen,  i.e.,  32.  The  term 
formula  weight,  which  we  shall  use  as  identical  with 
molecular  weight,  is  to  be  preferred  to  the  latter,  for  the 
formula  shows  distinctly  the  relation  between  atomic 
weight  (i.e.,  the  combining  weight)  and  molecular  weight 
(i.e.,  the  sum  of  the  combining  or  atomic  weights  which 
occupy  the  volume  of  22.4  liters  at  0°  C.  and  760  mm.  Ilg  - 
pressure).  Thus  H  represents  the  atomic  weight  of  hy- 
drogen (i.e.,  1.008,  based  on  O  =  16),  while  H2  is  the  molec- 
ular or  formula  weight  (i.e.,  2X1.008  gr.);  and  for  com- 
pounds this  is  much  more  convenient,  especially  since 
the  molecular  or  formula  weight  is  not  a  fixed  quantity 
for  all  conditions,  but  varies  with  these.  Thus  we  have 
FeCla  and  Fe2Cl6,  according  to  the  conditions,  and  a 
glance  at  the  formula  shows  at  once  the  molecular 
weight. 

6.  The  specific  gravity  of  gases. — The  specific  gravity 
of  a  gas  is  the  weight  of  the  unit  of  volume,  but  as  this 
is  always  very  small  it  is  customar}^  to  find  in  these  terms 
the  value  of  a  certain  gas  taken  as  a  standard,  and  then  ^ 
to  express  the  density  of  other  gases  in  terms  of  this  gas, 
taken  as  imity. 

As  the  composition  of  air  varies,  oxygen  has  been 
chosen  as  the  chemical  standard.  Since  this  is  very 
easily  obtained   in   the   pure   state    and   its  combining 
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weight  with  other  elements  can  be  accurately  detennined, 
its  advantages  as  a  standard  are  apparent. 

One  liter  of  O  weighs  1.4290  grams  at  o®  and  76 
centimeters  pressure.  Its  specific  volume,  i.e.,  the 
volume  of  i  gram,  at  any  temperature  and  pressure,  is 


v= — cc 

p    273 


(from  the  proportions, 


VlVollpQlp, 


and  v:vo::T:Ti 


o> 


where  70  =  273°,  i.e.,  cP  C.) 

I        76    7"     ,     „  76r 

V— -4- =600.8-^ — -cc. 

0.001429  p   273      ^^    273^ 

Its  denity,  i.e.,  the  weight  of  i  cc,  at  any  temperature 
and  pressure,  is  the  reciprocal  of  the  specific  volume- 
C.e., 

I  2*7'lp 

J=-=o.ooi429--^  grams 
The  molecular  volume,  since  02=32,  is 


7=32X699.8  ^—T  liters. 
^  273^ 
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If  w  is  the  weight  of  a  gas,  and  g  is  the  weight  of  an 
equal  volume,  under  like  conditions,  of  the  standard 
gas,  i.e.,  O,  the  specific  gravity  of  the  gas  is 

w 
g 

The  relation  in  weight  between  hydrogen  and  oxygen  (^" 
is  as  1:15.88;  between  hydrogen  and  air  is  as  1:14.48. 
In  this  way  knowing  the  density  referred  to  one,  that 
referring  to  either  of  the  others  can  be  determined. 
Referred  to  air  the  density  can  be  employed  to  find  the 
molecular  weight  by  aid  of  the  formula 

Jf =0.001293  X  22400J  =  28.96^, 

where  0.001293  is  the  weight  of  i  cc.  of  air  at  0°  and 
76  cm.  pressure,  and  i  is  the  density  of  the  gas  based 
upon  air  as  a  standard. 

Since  by  definition  the  molecular  weight  in  the  gaseous 
state  is  the  weight  of  a  definite  volume  under  standard 
conditions,  molecular  weights  must  be  related  as  the 
densities  of  the  gases,  i.e.,  as  the  weights  of  unit  volume. 
We  have  then 

Mi'.dii  :M2:d2:  :Ms: rfa,  etc.; 
diM2    diMs     ^ 

and  if  the  density  of  the  gas  2  (or  gas  3)  is  taken  as  utvW.-^  ^ 
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and  the  other  densities  expressed  in  terms  of  this  we 
have 

where  di2  is  the  density  of  gas  i  in  terms  of  2,  and  diz 
is  the  density  of  gas  i  in  terms  of  3.  In  other  words, 
the  molecular  weight  of  any  gas  is  equal  to  the  product 
of  its  density  referred  to  a  standard  gas,  into  the  molecular 
weight  of  the  standard  gas. 

Thus  the  molecular  weight  of  any  gas  is  twice  its  den- 
sity referred  to  hydrogen;  thirty-two  times  its  density 
referred  to  oxygen,  and  twenty-eight  times  its  density 
referred  to  nitrogen;  for  2,  32,  and  28  are  the  molecular 
weights  of  H,  O,  and  N. 

7.  Methods  of  determining  the  specific  gravity. — 
Here  we  shall  consider  the  subject  both  for  gases  and 
for  the  vapors  generated  from  substances  by  heat,  since 
the  determination  of  the  latter  is  of  importance  for  the 
ascertaining  of  the  molecular  weight.  For  convenience 
we  shall  divide  the  subject  into  three  groups  of  methods, 
but  shall  consider  only  the  theory  of  the  methods,  assum- 
ing that  the  student  will  look  up  the  practical  details  in 
one  of  the  many  laboratory  manuals.  (See  Findlay's 
"  Practical  Physical  Chemistry,"  for  example.) 

A.  The  weight  of  a  certain  volume  of  the  gas. — ^This 
may  be  used  both  for  gases  and  for  the  vapors  given  off 
by  substances  under  high  temperatures. 
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a.  For  gases, — ^The  weight  of  a  certain  volume  is 
found  by  weighing  first  a  balloon  filled  with  the  gas, 
and  then  exhausting  this  and  weighing  it  alone.  In 
this  way  we  can  find  the  weight  of  the  volume  of  gas, 
and  by  comparing  this  with  the  weight  of  the  same  volume 
of  oxygen  ascertain  the  density. 

/?.  For  gases  generated  from  substances  by  heat  (Dumas). 
— ^Here  the  process  is  slightly  different.  The  substance 
is  placed  in  a  weighed  flask  with  a  slender  neck  and  the 
whole  heated  at  a  constant  temperature  until  the  sub- 
stance is  all  transformed  into  gas,  when  the  neck  of  the 
flask  is  fused  together.  After  cooling,  the  flask  is  weighed 
and  the  neck  cut  off  so  that  the  volume  of  the  flask  can 
be  foimd  from  the  weight  of  water  it  will  contain.  We 
have  then  the  weight  of  a  certain  number  of  cubic  centi- 
meters of  the  gas,  which,  when  compared  with  the  weight 
of  an  equal  volume  of  oxygen  at  that  temperature,  will 
give  the  density  referred  to  that  gas,  and  then  by  calcu- 
lation that  based  upon  hydrogen  or  air. 

This  method  of  Dumas  has  been  further  modified, 
so  that  it  is  possible  to  work  under  diminished  pressure 
and  consequently  at  lower  temperatures,  which  is  of 
great  importance  in  case  the  substance  decomposes  at  a 
higher  temperature.  The  flask  for  this  purpose  is  the 
same  as  that  used  before  except  that  the  neck  is  con- 
nected with  an  air-pump  and  manometer.  When  the 
pressure  has  reached  the  desired  point  the  temperature 
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is  increased  until  the  substance  goes  into  the  gaseous 
form,  when,  as  above,  the  neck  is  sealed.  The  calcula- 
tion is  the  same  as  before  except  that  the  pressure  under 
which  the  gas  exists  is  equal  to  that  of  the  barometer 
minus  that  of  the  manometer. 

B,  The  volume  occupied  by  a  certain  weight. — By 
these  methods  we  avoid  the  error  which  is  always  present 
when  the  weight  of  a  volume  of  gas  is  determined.  The 
substance,  in  solid  or  liquid  form,  is  weighed  and  then 
transformed  into  the  gaseous  state,  the  volume  which 
it  then  occupies  being  measured.  The  method  of  Gay- 
Lussac,  as  improved  by  Hofmann,  is  intended  only  for 
the  determination  of  the  specific  gravity  of  the  gases 
formed  from  solid  or  liquid  substances.  A  weighed 
amount  of  substance  is  brought  into  the  Torricelli  vacuum 
of  a  barometer-tube,  which  is  surrounded  by  a  tempera- 
ture bath,  and  the  volume  of  the  gas  measured.  The 
gas  is  under  a  pressure  equal  to  that  of  the  atmosphere 
minus  that  of  the  column  of  mercury  in  the  tube.  This 
volume  of  gas,  reduced  to  o°  C.  and  76  cms.  of  Hg,  weighs 
just  what  the  original  substance  did,  and  this  weight 
compared  with  that  of  an  equal  volume  of  the  standard 
gas  will  give  the  density. 

The  method  of  Victor  Meyer  differs  from  that  of 
Hofmann  in  that  the  gas  is  formed  in  a  flask  and  displaces 
the  air,  the  volume  of  this  at  a  lower  temperature  being 
measured  in  a  burette  connected  with  the  flask.    This 
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voliune  is  of  course  the  same  as  that  the  substance  itself 
would  assume  at  that  temperature,  provided  that  no  con- 
densation takes  place,  for  the  coefficient  of  expan^^ion  of 
all  gases  is  the  same. 

The  method  under  this  group  which  may  be  used  for 

« 

gases  in  general  is  to  pass  a  determined  volume  of  the 
gas  over  or  through  a  weighed  substance  which  will 
absorb  it  all.  In  this  way  the  difference  in  weight  of  the 
substance  before  and  after  the  passage  of  gas  gives  the 
weight  of  the  determined  volume  of  gas.  Thus  oxygen 
may  be  absorbed  by  glowing  metallic  copper,  the  copper 
oxide  formed  giving  the  weight  of  copper  plus  oxygen. 

C  The  value  of  this  method  (Bunsen's),  which  is 
adapted  only  to  gases,  is  that  but  very  small  amounts 
of  substance  are  needed  for  the  experiment.  It  depends 
upon  the  relation  of  the  velocity  of  outflow  of  a  gas 
through  a  small  aperture  to  the  specific  gravity  of  the  gas. 
The  formula  is  derived  as  follows:  Let  p  be  the  differ- 
ence between  the  pressure  under  which  a  gas  exists  and 
that  of  the  atmosphere,  and  v  be  the  volume  of  the  gas 

which  flows  out  in  the  unit  of  time.  The  total  work  done 
by  the  change  in  volume  is  then  fv.  Since  this  work  is 
used  to  force  the  gas  out,  it  is  equal  to  the  increase  of 
kinetic  energy  of  the  gas,  i.e., 
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where  c  is  the  velocity  of  outflow  of  the  gas,  and  m  is 
its  mass.  If  equal  volumes  of  different  gases  are  consid- 
ered, flowing  through  the  same-sized  openings  under  the 
same  pressure,  then 

pV=l/2miCi^y      pV=  1/2  W2C^, 

or 

Ci:c2:  :\/w^:Vwi, 

or,  since  the  masses  of  equal  volumes  are  proportional 
to  their  densities 

Ci:c2:  :V(/2:V^. 

The  apparatus  used  by  Bunsen  is  very  simple.  A 
glass  tube  having  a  very  fine  opening  at  one  end,  below 
which  is  a  stop-cock,  is  clamped  into  a  vessel  of  mercury. 
In  this  tube  is  a  piece  of  glass  nxl  to  act  as  a  float,  while 
on  the  outside  there  are  two  marks  close  together.  The 
gas  is  now  passed  into  the  tube  at  a  certain  pressure, 
and  the  tube  lowered  into  the  mercury  until  the  float  is 
just  at  the  lower  mark.  The  cock  is  then  ()i)ened  and  the 
time  necessary  for  the  passage  of  the  float  from  the  lower 
to  the  upper  mark  observed.  Since  the  time  is  inversely 
proportional    to  the  velocity,  we  have 

/2:/i:  '.^d^'.^'di. 

By  carrying  out  the  experiment  for  one  gas  and  then 
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• 

for  oxygen  we  can  find  the  density  of  the  gas  in  terms 
of  oxygen.      The  results  by  this  method,   and  this  is 
true  in  a  lesser  degree  for  all  methods  for  molecular 
weight,  are  not  exact,  but  are  simply  intended  to  indicate 
what  number  of  combining  weights  of  an  element,  or 
hat   weight   of   a   compound,    represents   the   formula 
eight.     For   this    reason    very   great    accuracy   is    not 
n.ecessary,  for  it  is  only  a  question  of  finding  whether 
tlTAe  combining  weight  or  the  simplest  ratio,  as  found 
l>y  analysis,  is  to  be  multiplied  by  the  factor  i,  2,  3,  etc. 
8.  Abnormal   vapor   densities.      Dissociation.  —  The 
sp>ecific  gravity  or  density  of  the  gases  generated  by  heat 
from  substances  is  found  in  many  cases  to  be  too  small, 
i-G-,  the  molecular  weights  thus  determined  are  smaller 
than  the  theoretical  values.    And,  further,  the  molecular 
^^^ight  is  found  to  vary  with  the  temperature,  pressure 
^^d  some  other  factors.    These  results,  naturally,  must 
•^^  obtained  with  greater  accuracy  than  those  mentioned 
s-bove  if  the  process  is  to  be  followed  at  all  closely. 
Suice,  according  to  our  definition  of  molecular  weight, 
^  dole   occupies    22.4    liters    at    0°  and  760  mm. 
pressure,  a  smaller  density  would  represent  a  decom- 
position of  the  substance  employed.    Thus  if  a  substance 
^^oinposes  in    such    a  way    that  from    each   mole  of 
^^  gas  there  are  two  others  formed,  then  the  vapor 
density  must  be  one  half  what  it  should  be.    For  each 
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volume  of  the  undecomposed  gas  we  shall  have  two 
volumes  of  the  gases  formed  from  it  at  the  same  tem- 
perature, since  by  Avogadro's  law  we  have  the  same 
number  of  moles  in  equal  volumes.  These  two 
volumes,  however,  will  weigh  the  same  as  the  original 
one  volume,  so  that  the  weight  of  one  volume  of  the 
mixed  gases  will  be  one  half  that  of  one  volume  of  the  ^ 
undecomposed  gas.  St.  Clair  Deville  called  this  de- 
composition dissociation.  Thus  NH4CI  dissociates  ac- 
cording to  the  scheme 

NH4C1?±NH8+HC1, 

where  the  sign  ^  means  that  the  reaction  may  go  in 
either  direction,  according  to  the  conditions.  That 
these  two  gases,  NH3  and  HCl,  are  actually  present  in 
the  vapor  of  NH4CI  can  be  shown  in  the  following  waj 
(Pebal  and  Than) :  A  lump  of  solid  NH4CI  is  placed  in 
a  tube  upon  an  asbestos  plug,  and  the  temperature  of 
the  tube  raised.  The  NH4CI  now  volatilizes  and  dis- 
sociates in  NH3  and  HCl.  Since  NH3  is  the  lifter 
gas,  it  diffuses  more  rapidly  through  the  asbestos  plug 
than  the  HCl,  consequently  on  one  side  of  the  plug  we 
shall  have  an  excess  of  HCl  and  on  the  other  an  excess 
of  NH3.  The  presence  of  these  two  products  may  be 
shown  by  passing  a  current  of  dry  air  through  the  parts 
of  the  tube  on  each   side   of  the   plug  and   then   over 
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moistened  litmus  paper,  which  will  show  the  nature  of 
the  gases  present,* 

Since  the  density  of  the  substance,  in  case  of  a  dis- ' 
sociation,  decreases  to  an  extent  dependent  upon  the 
temperature  it  is  an  important  thing  to  be  able  to  find 
the  degree  of  the  dissociation  at  any  one  temperature, 
i.e.,  to  determine  the  extent  of  the  reaction  (p.  22)  form- 
ing the  products  on  the  right. 

This  can  be  found  from  the  relation  of  the  vapor 
density  to  the  dissociation,  i.e.,  the  dependence  of  both 
upon  the  number  of  moles.  If,  for  example,  a  is  the 
percentage  of  the  gas  dissociated,  i.e.,  the  degree  oj  disso- 
ciation, and  we  start  with  i  mole  of  the  gas,  then 
i-a  is  the  undissociatcd  portion.  If  there  are  i  moles 
of  the  products  formed  from  1  mole  of  the  gas,  the  total 
number  of  moles  present  at  any  time  is 

^  (i-«)+w-. +  (•■-.)"• 

The  ratio,  then,  of  i  to  i-\-{i—i)a  will  be  the  same 
as  that  of  the  vapor  density  as  it  is,  to  the  vapor  density 
as  it  should  be,  i.e., 

•This  dissociatian  is  found  by  Baker  (Trans.  Chem.  Soc.  65,  6ti, 
1894,  and  73,  431,  189S)  to  lake  place  only  when  moisture  is  present" 
See  also  Abegg  and  Johnson,  Zeil.  f.  phys    Chem.  61,  455-463,  1908. 
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Where  dy,  i?  the  vapor  density  as  it  should  be  (i.e., 
as  it  is  without  dissociation),  and  d^  is  what  it  actually 
is,  for  it  is  clear  that 

i:i  +  (/-i)rt:  \V^:Vd 
and 

Vu'V  iid^id^. 

The  degree  of  dissociation,  then,  is 

du-dd 


a 


{i-i)da 


If  a  substance  dissociates  completely  into  two  products, 
its  vapor  density  is  1/2  what  it  should  be;  if  into  three, 
1/3,  etc. 

Thus  the  density  of  NH4CI  at  a  certain  temperature  is 
found  to  be  nearly  1/2  what  it  should  be;  hence 

NH4CI  =  NH3+HC1. 

And  the  density  of  NH2CO2NH4  at  the  proper  tem- 
perature is  found  to  be  nearly  1/3;  hence 

NH2CO2NH4  =  CO2  +  2NH3. 

Since  when  i  mole  of  gas  is  formed  from  a  solid  or 
liquid  against  any  pressure  the  external  work  done  at 
T  is,  by  definition,  RT,  when  {i—a-\-ia)  moles  are 
given  off  the  work  is  {i—a+ia)RT. 
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The  process  of  dissociation  is  a  very  common  one, 
and  proofs  of  it,  quite  as  good  as  the  one  by  Pebal  and 
Than  already  mentioned,  are  numerous.  A  few  of  them 
are  given  briefly  below. 

PCI5  when  heated  shows  a  green  color  which  increases 
with  the  temperature.  This  is  due  to  the  dissociation 
into  PCI3  and  CI2. 

N2O4  by  heat  becomes  brownish  red,  due  to  the  for- 
mation of  2NO2.  At  500°  C.  this  color  disappears  en- 
tirely, for  then  2NO2  breaks  down  into  2NO  and  O2, 
both  of  which  are  colorless. 

When  a  gas  composed  of  a  heavy  metalhc  and  a  light 
gaseous  element  is  dissociated  by  heat  in  an  open  tube, 
and  cooled  suddenly,  the  heavy  element  will  crystallize 
out.  This  is  due  to  the  fact  that  the  two  gases  go 
through  the  tube  with  a  different  velocity  and  the  sud- 
den cooling  forms  a  compound  only  of  what  is  left,  the 
heavy  element,  being  in  excess,  remaining  to  a  certain 
extent  in  the  free  state.  An  example  of  this  is  given 
by  Marsh's  test. 

The  specific  heat  of  a  dissociating  gas  is  very  large 
owing  to  the  fact  that  the  heat  supplied  increases  the 
dissociation  as  well  as  the  temperature.  When  the 
dissociation  is  complete,  however,  the  specific  heat  be- 
comes constant.    Thus  we  have  for  acetic  acid  gas: 

/ 129°         160°         200°         240°         280° 

Sp.  h't 1.50        1.27        0.95        0.64        0.480 
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The  specific  heat  of  a  dissociating  gas  also  varies 
greatly  with  the  pressure,  as  does  the  dissociation. 

The  conduction  of  heat  by  a  dissociating  gas  is  very 
much  larger  than  by  a  gas  not  capable  of  dissociating. 
The  heat  absorbed  on  the  one  side  causing  dissociation, 
and  the  products  of  dissociation  diffusing  to  the  colder 
j)ortion,  where  they  unite,  giving  up  heat  and  causing 
u  further  dissociation,  etc.  This  process  continues  until 
the  gas  is  all  dissociated,  when  its  conduction  of  heat 
becomes  normal. 

Experiment  shows  that  a  dissociation  takes  place  to 
a  smalkr  extent  when  the  pressure  is  increased.  This 
depressing  efect  on  the  dissociation  is  also  observed  when 
one  of  the  products  of  the  dissociation  is  already  present 
from  an  exterior  source.  Thus  PCI5  is  almost  entirely 
undissociated  in  presence  of  an  excess  of  either  chlorine 
or  PCI3,  i.e.,  its  vapor  density  under  such  conditions  is 
found  to  be  104.5  ^  place  of  the  calculated  value  104. 

Later,  under  Chemical  Change,  we  shall  find  a  formula 
giving  the  relations  between  the  original  and  final  sub- 
stances in  a  chemical  reaction  for  a  constant  temperature, 
and  another  showing  the  etTect  of  a  change  in  temperature, 
for  an  increase  in  temperature  alixjays  causes  an  increase 
in  the  dissociation:  but  here  it  is  simply  necessary  to  note 
that  dissociation  depends  upon  tempemture,  pressure 
and  presence  of  the  products  of  the  dissociation.  The 
following  tables  will  serve  to  show  how  great  the  effect 
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of  temperature  and  pressure  is  upon  the  dissociation  of  a 
gaseous  substance: 

Dissociation  of  Nitrogen  Tetroxide,  N2O4. 
Atmospheric  pressure. 

(Density  of  N204=3.i8;  of  N02+N02=i.59;  air  =»i.) 


Temp. 

Sp.  Gr.  of  Gas. 

Percentage  Di: 

26°.  7 

2.65 

19.96 

35°- 4 

2-53 

25  65 

39°.8 

2.46 

29.23 

49°.  6 

2.27 

40.04 

60°.  2 

2.08 

52.84 

70°.  0 

1.92 

65 -57 

80°.  6 

1.80 

76.61 

90°. 0 

1.72 

84.83 

I0O*».I 

1.68 

89.23 

iii°.3 

1.65 

92.67 

12x^.5 

1.62 

96.23 

135°  0 

1.60 

98.69 

154^.0 

1.58 

100.00 

Dissociation  of  PCI5. 
Atmospheric  pressure. 


pensityPCla«7.2;  PClg+C 

:i2-3.< 

3;  air«»i.) 

Temp.                      Density. 

Percentage  Di8scx:istioa< 

l82*>                          5.08 

41.7 

190°                          4.99 

44-3 

200*>                          4-85 

48.5 

230*"                          4  30 

67.4 

250**                          4  00 

80.0 

274**                         3  84 

87.S 

2880                         3.67 

96.2 

aoQO               365 

97-1 

28 
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Dissociation  of  H^O  vapor  and  CO,. 
Atmospheric  pressure. 


H:0 
AbfloL  temp.  T.      Percentage  dissociation, 


looo 

1200 

1400 
1600 
1800 
2000 
2200 
2400 
2600 


0.311X10"* 

0.891  X10-' 

0.846X10-' 

0.049 

0.190 

0.561 

1.27 

2.73 


CO2 
Percentage  diasociatiou. 

0.212X10"^ 
o- 935X10-' 
0.138X10-* 
0.102 
0.474 

1.59 

4.17 

900 
16.8 


Dissociation  of  N^O^. 
(Equal  Temperatures,  Varjing  Pressures.) 

Temp.  Pressure.  Density  (air- .).     DPi|SS'a*3S^. 

18°. o  279       mm.  2.71  17.3 


18°.  5 


20°.  o 
20°.  8 


136 


301 
153 -5 


mm. 
i  i 

it 
it 


2-45 

2.70 
2.46 


29.8 

17.8 
293 


The  molecular  weights  (see  definition,  pp.  9  and  11)  of 
some  of  the  elements  in  the  gaseous  state  are  given  below 
and  will  serve  to  show  the  importance  of  the  process  of 
dissociation,  and  how  dependent  the  molecular  weight  is 
upon  the  temperature. 


Arsenic. 

f*C, 

Af. 

644 

309 

As4=3oo 

670 

308 

As2=i5o 

I7I5 

157 

1736 

160 
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Phosphorus. 

313 

128 

500 

126. 1 

P4=I24 

1484 

105 

Pa-   62 

1678 

93-3 

1708 

91 
Iodine. 

253    • 

285 

1330 

162 

We  see  from  these  that  the  higher  the  temperature 
the  lower  is  the  molecular  weight.  Iodine  at  high  tempera- 
tures is  monatomic,  as  are  mercury  between  446°-!  731°, 
cadmium  at  1040®,  tin  at  1400°,  and  sodium  and  potassium. 
And  sulphur  in  the  gaseous  state,  according  to  the 
temperature,  may  be  S^,  ^4,  or  ^2,  the  latter  being  the 
condition  at  800°  and  above.  Mixtures  of  these  three 
forms  can  also  exist,  at  the  lower  temperatures,  the 
molecular  weight  of  these  lying  between  the  two  ex- 
tremes, 58  and  52;  at  higher  temperatures,  1900-2000°  C, 
the  52  is  observed  to  break  down  further,  to  the  extent 
of  50%,  into  the  form  of  25  (Nernst),  although  Biltz  and 
Meyer  found  the  formula  weight  to  be  63.5  at  1719°  C. 

Among  compounds  we  find  the  chlorides  of  iron  and 
aluminium,  Fe2Cl6  and  AI2CI6  only  to  exist  at  com- 
paratively low  temperatures,  being  present  in  the  forms 
FeCla  and  AICI3  at  higher  ones. 

9.  Volume,  pressure  and  concentration. — For  the  com- 
plete description  of  a  gaseous  system  composed  either 
of  a  single  gas  or  a  mixture  of  gases  it  is  essential  that 
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we  have  a  convenient  method  of  representing  the  amount 
of  gas  present.  Thus  far,  for  this  purpose,  we  have 
used  either  the  density  of  the  gas  or  the  volume  {V)  which 
contains  i  mole,  but  these  are  not  the  only  forms  possible, 
nor  are  they  always  the  most  convenient.  The  other 
two  forms  possible  are  concentration,  i.e.,  the  number  of 
moles  per  liter  (c)  and  partial  pressure  (p),  i.e.,  the  pressure 
that  would  he  exerted  at  the  temperature  in  question  if 
the  constituent  gas  occupied  alone  the  volume  of  the  system. 
The  relationship  existing  between  F,  p,  and  c  is  shown 
by  the  following,  almost  self-evident  equations: 

T 

^  =  22.4X  —  c  atmos., 
273 

.     273P      I 


22.4^      7' 

i.e.,  the  pressure  of  i  mole  per  liter  at  0°  (since  in  22.4 

liters  it  is  i  atmosphere)  is  22,4  atmospheres,  and  at 

T 
r°  is  —  22.4,  while  F,  the  volume  of  i  mole,  is  the 

273 
reciprocal  of  concentration,  the  number  of  moles  per  liter. 

In  a  mixture  of  two  gases  if  the  total  pressure  of 

the  iV(  =  ni+W2)  moles  is  P  the  partial  pressure  of  the 

individual  gases  will  be 

for  the  total  number  of  moles  N  gives  the  pressure  P  and 

fii 

rrj.  must  be  the  fraction  of  the  total  pressure  due  to  the  gas 

present  to  the  extent  tii  moles,  etc. 
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As  it  is  quite  necessary  to  become  familiar  with  the  use 
of  these  terms  (and  especially  in  their  application  to 
dissociation  phenomena)  in  our  later  work,  the  following 
examples  are  given: 

At  igd'C,  the  reaction  PCl5i:^PCl3-rCl2  goes  to  the 
right  to  such  an  extent  that  44.3%  of  the  original  quantity 
of  PCI5  h  decomposed,  i.e.,  a,  the  degree  of  dissociation, 
is  0.443.  Since  we  lose  0.443  ^^  ^^^  pcntachloride  and 
gain  a  like  fraction  of  a  mole  of  the  trichloride  and  of 
chlorine,  and  final  number  of  moles,  starting  with  i  of 
PCls,  will  be  equal  to  (r— 0.443) +2X0.443,  ^^  i-443- 

The  partial  pressures  may  now  be  calculated,  by  taking 

advantage  of  the  proportions  (p.  30), 

pi:P::ni:Nj 

where  N  represents  the  total  moles  present,  «i  those  of 

the  constituent  givuig  the  partial  pressure  piy  and  P  is 

the  total  pressure.        We  have,  then,  for  the  above  case, 

1-0443 

■6       1.443 

0.443 

1.443 

where  P  is  the  final  pressure;   i  atmosphere,  in  case  the 

273  +  100         , 
volume    mcreases   to    1.443X22.4 ,   and    1.443 

273  +  IQO 

atmospheres  if  it  remains  constant  at  22.4 '—  liters. 

To  express  the  quantity  of  these  three  substance*-  in 
terms  of  concentration  (i.e.,  in  moles  per  liter)  it  ic  only 
necessary  to  divide  the  final  number  of  moles  of  eacii 
substance  hy  the  total  volume  of  the  system..    T\o3^ 
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of  the  mole  of  PCI5  with  which  we  started  we  have  but 

1—0.443  ^0^^  ^t  equilibrium,  and  gain  0.443  mole  of 

each  of  the  two  constituents.      Since  the  final  volume  is 

273  +  190 

1.443X22.4—=— liters,  the  final  concentrations  are 

273 

1-0.443 

=^pci5: 


273  +  100 

1.443X22.4  —^ ^ 

273 

0'443 

273  +  190 
1.443X22.4- 


=  ^PCl8  =  ^chlorine. 


Here,  naturally,  the    volume    changes.    In    case    the 

volume   remains   constant   it   is   to   be   treated   in   the 

same  way,  for  it  is  still  the  final  volume.    In  the  above 

M  K  273+190 

case  it  would  be  22.4  . 

273 

Example, — 10  gr.  of  PCI5  at  atmospheric  pressure  (in 
a  cylinder,  for  instance,  which  is  provided  with  a  movable 
piston)  are  heated  to  250°  C,  at  which  temperature  a 
is  equal  to  0.8.  Find  the  partial  pressure  and  concen- 
tration of  each  of  the  three  gases  present  at  equilibrium. 

If  the  PCI5  were  undissociated  at  this  temperature 

ij  10  273  +  250   ,. 

the    10    gr.  would    occupy  — 5—  22.4 ^    hters, 

°  ^"^   208.3  273  ' 

208.3  being  the  molecular,  molar,  or  formula  weight  of 

the  PCI5.    Since  a =0.8,  at  equilibrium  we  must  have 

1.8  — ■=, —  moles  of  the  mixture  of  gases  (i.e.,  ((!-"«)+  2a)n, 

208.3  V       'V\     ,       /  /     > 

where  n  is  the  number  of  moles  present),  in  the  final 
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10  273-f-25o\ 

volume  1.8 ( — ^22.4 I  liters,  the  total  pressure 

\200.3  273     / 

remaining  constant.    The   partial   pressures,   then,   are 

1—0.8  0.8  0.8 

pFCii=^    I  8   '  ^^^^'^rs  /^chlorine  =  ^  atmospheres. 

As  there  are  (1—0.8) — ^r-  moles  of  PCI5,  0.8 — ^r-  moles 

^  ^208.3  208.3 

of  PCI3,  and  0.8 — -—  moles  of  chlorine  the  final  con- 

208.3 


centrations  (moles  per    liter)  are 


ox    10 


V208.3  273      / 


0.8- 


208. '^ 
for  PCI5,  and  — . ^ r  each  for  PCI3  and 

,   Q         ^O     00  ^273+250^ 

I.cSl  — 7: — 22.4 

V208.3       ^       273 

chlorine. 

Since  in  this  case  2  moles  are  formed  from  each 
original  mole  decomposed,  the  volume  of  the  substance 
on  the  right  is  greater  than  the  volume  of  that  on  the 
left,  and  the  reaction  must  go  backward  (i.e.,  toward 
the  left),  when  the  external  pressure  is  increased.  This 
law  is  general,  and  is  expressed  by  Le  Chatelier  as  fol- 
lows: "  Any  change  in  the  factors  of  equilibrium  from 
the  eocterior  causes  the  system  to  react  in  the  direction 
favored  by  the  change.''^  In  other  words,  pressXire  in  the 
above  case  favors  the  formation  of  the  substance  with 
the  smaller  volume.  (That  a  dissociating  system  is  an 
equilibrium  is  shown  by  the  fact  that  the  direction  of 
the  reaction  is  dependent  upon  the  direction  of  the  t^ixv« 
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perature-change).    Such   a   reaction   as   2HI=H2+l2f 

on  the  other  hand,  where  the  same  number  of  moles 

exist  on  either  side  (i.e.,  a  reaction  unaccompanied  by 

any  volume-change)  should  be  iminfluenced  by  a  change 

in  pressure,  as  indeed  is  observed  by  experiment. 

10.   Variation  from  the  gas  laws.    The  equation  of 

Van  der  Waals. — The  gas  laws  are  simply  limiting  laws, 

and  while  they  hold  in  general  for  pressures  up  to  2 

atmospheres,  above  this  value  differences  are  observed. 

In  the  case  of  hydrogen  the  product  pv  is  always  higher 

than  it  should  be.    This  was  discovered  by  Natterer  and 

ascribed  by   Budde   to   the   fact   that   the  hypothetical 

molecules  themselves  occupy  some  of  the  volume.     If 

this  correction  for  the  volume  is  6,  then,  instead  of  (i), 

we  have 

p(V-b)^RT, 

where  6  is  a  constant  for  each  gas. 
From  the  formula 

b= — ^  +F 
P 

Budde  calculated  the  value  of  b  and  found  it  to  be  equal 
to  0.00082,  at  which  point  it  remained  constant,  for 
pressures  .var}ang  from  1000  to  2800  meters  of  mercury. 
In  the  case  of  hydrogen  this  volume-correction  is  satis- 
factor}- ;  for  other  gases,  however,  the  variation  is  some- 
what different.  In  general  for  these  the  compressibility 
at  low  pressure  is  much   greater   than  is  accounted  for 
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by  the  Boyle-Mariotte  law,  reaches  a  minimum  and 
then  increases  so  that  the  product  pV  passes  through  the 
value  given  by  the  law.  This  shows  that  there  is  some 
factor  in  the  behavior  of  these  gases  which  is  absent 
or  negligibly  small  in  the  case  of  hydrogen.  Van  der 
Waals  ascribed  this  to  the  mutual  attraction  of  the 
hypothetical  molecules,  which  acts  in  the  same  direction 
as  the  pressure,  making  that  larger  than  it  seems  to  be. 
If  p  is  the  pressure  and  a  the  specific  attraction,  then 


{p+y2)iV-b)=RT, 


which  is  the  equation  of  Van  der  Waals.  Here  a  is  the 
so-called  molecular  attraction  when  i  mole  occupies  the 
volume  of  i  cc,  and  b  is  the  volume  occupied  by  the 
hypothetical  molecules  themselves,  p  and  a  are  ex- 
pressed most  conveniently  in  terms  based  on  po^iy 
where  this  is  the  original  pressure  in  atmospheres  when 
the  gas  is  confined  in  the  volume  Vq.  V  and  b  are  then 
expressed  in  terms  of  Vq. 

This  law,  although  deduced  by  aid  of  hypothetical 
assumptions,  will  hold  even  in  the  face  of  evidence 
showing  these  assumptions  to  be  false.     For  the  terms 

a 
b    and   a    are   determined    by    experiment   (b  and    ™ 

expressing  the  discrepancy  between  the  observed  facts 
and  the  conclusions  from  the  simple  gas  laws) ;  and  the 
worst  that  can  befall  them  is  a  loss  of  name. 
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By  this  law  we  can  understand  just  how  gases  vary 

from  Boyle's  law.     For  small  pressure  and  large  volume 

a 
the  term  r^^  and  h  disapjx*ar  in  contrast  to  p  and  F,  and 

the  gas  follows  the  simple  law.  The  effect  of  the  value 
of  a  and  b  upon  the  product  pV  is  shown  below  in  the 
form 

a     ah 

or,  for  constant  temperature, 

a     ab     , 
pV^c-y  +  y^+bp. 

When  V  is  large  and  p  is  small  tf^  and  bp  disappear  as 

a  a      /ab         \ 

compared  with  -y ;    when   —  =  ( tft  +  bp)  we   have   the 

minimum  of  the  variation  of  pV  and  Boyle's  law  holds. 

These  constants  have  been  determined  for  the  dif- 
ferent gases  from  the  curves  for  pV^  and  a  few  of  the 
values  found  are  given  below: 

a 

002  =  0.00874 
502  =  0.039 
Air --=0.037 
H  =  0.0000 
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b 

Air =0.0026 

C  02=0.0023 

H  =  0.0067 

The  extent  of  the  variation  in  the  value  of  pV  at  con- 
stant temperature  is  shown  in  Figure  i.     If  pV  is  con- 
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stant,  the  curve  would  be  a  straight-  line  parallel  to  the 
^-axis  [pV  being  the  axis  of  ordinates).  The  higher 
the  temperature,  the  more  the  gas  behaves  like  hydrogen. 


The  effect  of  the  term 


y2 


\  shown  by  the  difference 


between  the  curve  for  N  and  for  H. 
This  difference  can  perhaps  be  shown  in  a  more  striking 
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way  by  a  comparison  of  the  numerical  values  of  pV, 
The  following  table  is  for  N  at  22®,  the  values  having 
been  found  by  Amagat.     p  is  ;;iven  in  atmospheres. 


p 

pv 

p 

pv 

I. 

I. 0000 

109.1/ 

0.9940 

27.29 

0.9894 

126.90 

I. 0015 

62.03 

0.9858 

251  13 

I.08IS 

80.58 

0.9875 

430.77 

1.2966 

We  see  by  this  that  up  to  about  12  atmospheres  pV 
decreases  in  value,  then  follows  Boyle's  law,  and  then 
varies  just  like  hydrogen.  When  a  and  "  b  have  been 
once  determined  for  any  pressure  they  may  be  used  for 
all  pressures.  For  ethylene  at  20®  by  Van  der  Waals' 
equation,  we  have 

p  pV 


Obs. 

Calc. 

31.58 

914 

895 

84.16 

399 

392 

110.47 

454 

456 

282.21 

941 

940 

398- 71 

1248 

1254 

where  p  is   in    atmospheres,  pV  is   multii)lied   by  1000, 
a  =  0.00786,  and  ^  =  0.0024. 

II.  Specific  heat.  The  first  principle  of  thermo- 
dynamics.— When  heat  energy  is  apj)lied  to  a  body 
the  temperature  rises.  The  ratio  of  the  amount  of  heat 
supplied  to  the  consequent  rise  in  tc'm])cralure  is  called 

the  capacity  0}  the  body  for  heat,  i.e.,  .  V.     The  value  of 
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this  term  depends  naturally  upon  the  original  temperature 
of  the  body,  its  pressure,  etc. 

Tke  specific  heat  oj  any  substance  is  the  capacity  }or 
heal  oj  the  unit  of  mass,  i.e., 

^    m    At 

It  has  been  observed  that  the  specific  heat  of  a  gas 
depends  upon  the  conditions  under  which  it  is  determined. 
If  the  gas  is  allowed  to  expand  under  its  previous  pressure 
the  specific  heat,  Cp,  is  different  from  that  obtained  when 
the  pressure  varies  and  the  volume  remains  constant, 
Cj.  Before  considering  the  reasons  for  this,  and  finding 
the  relation  between  the  two  values,  it  will  be  necessary 
for  us  to  inquire  into  the  nature  of  heat  energy  and  its 
possible  transformations. 

Mayer  in  1841  was  the  first  to  develop  the  subject  of 
the  theory  of  heat  and  its  transformations,  or  Thermo- 
dynamics, as  we  know  it  to-day.  Before  that  date 
heat  was  considered  as  an  actual  substance,  which  could 
be  made  to  enter  or  leave  a  body.  Mayer  first  recognized 
it  as  an  energy,  which  could  be  obtained  from  any  other 
energy  or  turned  into  the  latter;  his  principal  work  was 
to  determine  the  equivalent  of  heat  energy,  i.e.,  a  factor 
by  which  heat  energy  can  be  given  m  units  of  mechanical 
energy.  He  was  led  to  this  conclusion  by  the  point 
already  mentioned,  that  the  specific  heat  of  gas  for  con- 
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slant  pressure  is  always  larger  than  the  specific  heat 
of  the  same  for  constant  volume.  His  reasoning  was  as 
follows:  Since  the  specific  heat  at  constant  pressure  is 
always  greater  than  that  for  constant  volume,  there 
must  be  some  condition  in  the  former  state  which  absorbs 
this  extra  heat.  In  the  case  of  constant  pressure  the 
volume  increases,  and  work  must  be  done  to  overcome 
the  atmospheric  pressure,  which  would  keep  the  voliune 
constant.  It  is  a  logical  consequence,  then,  to  consider 
that  this  extra  heat  is  simply  the  amount  necessary  to 
do  the  mechanical  work  of  expansion.  In  other  words, 
a  certain  number  of  calories  are  found  to  be  equal  to  a 
definite  number  of  mechanical  units;  this  value  for  one 
calorie  is  the  mechanical  equivalent  of  hecU.  This  term 
may  be  calculated  as  follows:  The  difference  between 
the  heats  necessary  to  raise  the  temperature  of  i  gram 
of  air  I®  C.  under  the  two  conditions  is  by  experiment 

Cp  --r^^  0.0692  cal. 

This  0.0692  cal.  is  the  heat  which  is  equivalent  to  the 
work  necessary  to  expand  i  gram  of  air  1/273  ^^  ^^ 
volume  at  o®.  Imagine  i  gram  of  air  at  0°  enclosed 
in  a  tube  with  a  cross-section  of  i  square  centimeter.  It 
will  occupy  the  space  of  773.3  cms.,  if  the  pressure  is 
76  cms.  of  Hg,  for  i  gram  of  air  occupies  imder  these 
conditions  773.3  cc,  which  is  the  specific  voliune  of 
air.    An  increase  of  temperature  of  1°  C.  will  expand 


i 
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this  volume  1/273,  i.e.,  2.83  cms.  The  weight  of  the 
atmosphere,  1033  grams,  will  then  be  raised  through 
this  distance.    The  work  necessary  to  do  this  is 

1033  X  2.83  =  2923.4  gr.-cms., 

which  is  equivalent  to  0.0692  calorie.  For  one  calorie, 
then,  we  have 

2923.4 


0.0692 


=42245  gr.-cms.. 


which  is  the  mechanical  equivalent  0}  heat. 

Joule  transformed  a  known  amount  of  mechanical 
work  into  heat  by  friction,  and  found  from  the  heat 
developed  that 

I  cal.  =42355  gr.-cms.* 

The  great  consequence  of  Mayer's  work  is  what  is 
known  as  the  first  principle  of  thermodynamics.  Accord- 
ing to  this  the  energy  of  any  isolated  system  is  constant, 
i.e.,  when  energy  seems  to  disappear  it  is  simply  trans- 
formed into  another  form.  If,  for  example,  a  gaseous 
body  is  heated,   its  internal  energy  is  increased;  if  the 

*  A  liter-atmosphere  is  the  work  necessary  to  force  the  weight  of 
the  atmosphere  upon  a  square  decimeter  through  a  decimeter.  We 
have  then 

T         A  IO33X  10X100  , 

I  L.  A.=  — ^^ — 7— =24.25  cals., 

42600  being  the  mechanical  equivalent  now  used,  the  average  of  a 
number  of  Tate  determinations. 

Ry  the  molecular  gas  constant,  which  is  equal  to  84800  gr.-cms.,  or 
0.0821  L.  A.,  is  equal  practically  to  2  cals. 

If  the  reader  cannot  follow  the  mathematics  involved  in  the 
(lerivation  of  the  final  formulas,  he  can  simply  turn  to  their  physical 
meaning,  which  is  given  below  them  in  italics,  and  will  thus  be  able 
to  M9e  uic  important  relations,  even  though  he  cannot  derive  \Vvercv, 
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volume  increases,  however,  a  certain  amount  of  this  heat 

-    »  - 

is  used  to  overcome  the  atmospheric  pressure,  and  the 
increase  of  the  internal  energy  is  less  than  would  other- 
wise be  the  case.  If  U  is  the  internal  energy  and  the 
amount  of  heat  dQ  is  supplied  to  the  body,  then 

(2)  dQ=^dU+dW, 

y*  where  dW  is  the  amount  of  work  done  by  the  body  by 
virtue  of  the  heat  absorbed,  and  dU  is  the  corresponding 
increase  in  the  internal  energy.  If  we  consider  the  work 
as  overcoming  a  resistance  it  is  more  readily  handled. 
Suppose  the  gas  to  increase  its  volimie,  the  pressure 
remaining  constant;  then  for  i  mole 

dW=^pdVy 

where  p  is  the  intensity  factor  and  V  the  capacity  factor 
of  volume  energy.  Substituting  this  value  of  dW  in 
the  former  equation  (2),  we  have 

(3)  dQ^dU+pdV, 

where  dUy  dQ,  and  pdV  are  expressed  in  absolute  units. 
If  dU  and  pdV  are  given  in  mechanical  imits,  then  (3) 
becomes 

/   X  .^    dU+pdV 

(4)  dQ  = -f-, 

where  A  is  the  mechanical  equivalent  of  heat,  i.e.,  tb^ 
value  of  I  calorie.    We  shall  use  the  form  (3)^  howeve^» 
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always  remembering  that  dQ,  dU,  and  pdV  are  expressed 
in  the  same  imits.  The  internal  energy  f/  of  a  gas  may 
be  considered  as  a  function  of  pressure  and  volume,  of 
pressure  and  temperature,  or  of  volume  and  temperature. 
Of  these  we  shall  only  consider  the  case  where  temperature 
and  volimie  are  variable.    We  have  then 


^rr    <iU  ^^    dU  ^,, 


dU 
The  term  "TydV,  however,  is  equal  to  zero,  for  the 

internal  energy  of  a  gas,  according  to  Gay-Lussac's 
experiment,  remains  the  same  after  a  change  in  volume 
provided  no  external  work  is  done.  By  this  experiment 
it  was  shown  that  the  expansion  of  a  gas  into  a  vacuum 
does  not  change  the  temperature  of  the  system;  although 
there  is  a  slight  increase  in  the  temperature  of  the  exhausted 
vessel  and  a  slight  decrease  in  the  other,  they  compensate 
one  another.    Equation  (3)  becomes  then 

dU 
dQ^-^dT+pdV. 

K  y  is  constant,  i.e.,  dV=o,  then 


J  ^=dT^^' 


i 

] 
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dU 

This  term,  ^,  the   increase  in  the  internal  energy 

caused  by  an  increase  of  temperature,  is,  however,  the 
molecular  specific  heat  for  constant  volume;  hence 

dQ=-i7pdT =Cj/iT  (for  constant  volimie). 

If  the  pressure  remains  constant  and  the  volume  varies, 
i.e.,  if  dV  does  not  equal  zero,  then  pdV  does  not  disap- 
pear, and  we  have 

(5)  dQ=C^T+pdV, 

or 

dQ^^^pdV 
dT"^''^  dT' 

dO 
This  term,  i^,  under  these  conditions  is  the  specific 

heat  at  constant  pressure,  i.e., 

_dQ_^     pdV 

(6)  ^P~dT~    '''^  dT' 

By  differentiating  (i),  />  remaining  constant,  we  have 

pdV  =  RdT, 
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Substituting  this  in  (6),  we  find 

(7)  Cp-^C^R, 

when  Cp  and  C„  refer  to  the  specific  heats  for  i  mole 
of  gas,  and  R  is  the  molecular  gas  constant. 

If  in  the  S3^stem  no  heat  is  absorbed  or  given  up  by 
conduction  or  radiation,  i.e.,  dQ=o,  we  have  an  ddia- 
hatic  process.  From  (i),  by  complete  differentiation, 
we  have 

pdV-\-Vdp=RdT. 

If  in  (5)  we  eliminate  dTy  by  this  equation,  remembering 
that 

we  obtain 

(8)  dQ=^Vdp+^pdV. 

Since  in  an  adiabatic  process  dQ=o, 


o^^Vdp+^pdV. 


R'^  •  R 


Cp 


And,  representing  the  ratio  of  the  specific  heats,  p;-,  by 
k  (for  air =1.41),  we  have 

Vdp  +  kpdV=Oy 
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JV    dp 

And  by  integrating  between  the  limits  p,  V,  and  pi,  V\, 
we  have 

bg,^  +  ft  log,  V  =  log,fi+ftlog,Fi, 


V-V, 

or,  in  another  form, 


tm^ 


I 


From  (ii)  we  see  that  for  an  adiabatic  process  the 
volume  changes  less  for  a  change  in  pressure,  or  the 
pressure  changes  more  for  a  change  in  volume,  than  is 
the  case  when  the  temperature  remains  constant  (i.e,, 
an  isothermal  process).  For  ,-apid  compressions  or 
expansions  of  a  gas,  then,  we  have  (he  relation, 

/.,:/>:  :F^7A 
where  k  =  —,  Ike  raiio  of  specific  heat  at  constant  pressure 
to  that  at  constant  volume,  in  place  of 

pi:p::V:Vu 
which  is  true  when  the  process  is  very  slow  and  the  tem- 
perature remains  constant. 


tem-  H 
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Boyle's  law  holds  also  of  course  for  an  adiabatic 
change  after  the  temperature  produced  by  the  change  of 
volume  has  been  reduced  to  the  original  one. 

In  equation  (11)  we  know  that 

pV^RT 


and 


hence 


PiVi^RTi; 


pV 


piVi     Ti 


But,  by  (11) 


Vi~\p}  • 


Whence,  by  substitution, 


T      ip\   * 


V  .  p 

By  substituting  the  value  of  rr-  instead  of  that  of  ^,  we 

V\  pi 

obtain 

The  temperatures  to  be  obtained  by  the  expansion 
of  a  gas  at  the  temperature  T  can  be  found  from(i2). 
Examples  of  this  are  given  in  Table  I. 
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Table  !.♦ 

temperatures  caused  by  adiabatic  expansion  of  adt.    a«i«4. 

p  (atmospheres),      t  (initial  from  7).  f  (final  from  Ti). 

loo  71**- 5  —  2oi®.5 

200  s8«.s  -2i3«».s 

300  52^.0  — 22I®.0 

400  47<>.9  -22S<>.o 

500  44<>.8  -228<>.2 

The  temperatures  are  those  of  the  air  as  it  expands. 
Owing  to  the  specific  heat  of  the  vessels  used,  it  is  im- 
possible to  reach  these  temperatures  in  anything  in 
contact  with  the  gas,  although  very  low  temperatures 
may  be  thus  obtained. 

The  idea  involved  in  equation  (7),  i.e., 

M{Cj,-c)=R, 

is  also  very  valuable,  for  it  shows  that  for  all  gases  the 
difference  between  the  molecular  specific  heats  is  i?  =  2 
cals.  This  equation  can  also  be  derived  in  the  following 
simple  way.  The  difference  between  the  molecular  heat 
at  constant  pressure  and  that  at  constant  volume  is 
obviously  equal  to  the  heat  equivalent  of  the  work 
of  expansion,  for  the  constant  pressure  condition 
involves  external  work  while  the  constant  volume  con- 
dition is  a  no-external-work  condition.  By  definition 
however,  the  external  work  done  in  the  formation  of  a 

*  For    other    calculations    involving    the    above    formulas    see    Falk, 
Jour.  Am.  Chem.  Soc,  28,  151 7,  190C,  anrl  29,  1536,  1907. 
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mole  of  gas  from  negligible  volume,  against  any  pressure, 
at  the  temperature  T  is  RT.  At  the  temperature  T+i, 
i.e.,  after  heating  the  gas  1°,  the  external  work  would 
te  R{T+i);  hence  the  work  done  by  the  expansion  of 
T  mole  of  gas  on  the  heating  of  i*^,  is  equal  to 

R(T+i)-'RT^R, 
and 

ilf(Cp— c)=i?=*2  cals. 

Naturally  the  terms  Mc  and  Mc^  are  to  be  determined 
at  the  same  temperature.  That  this  relation  holds  is 
shown  by  the  following  list  of  experimentally  determined 
values  (Clausius-Ostwald). 

Molecular  Specific  Heats. 

Name.                                  Coiut,  Pros.  Const.  Vol.     Ratio  (Jb). 

Oxygen 6.96  4.96  1.40 

Nitrogen 6.03  4.83  1.41 

Hydrogen '. 6.82  4.82  1.41 

Chloiine 8.58  6.58  1.30 

Bromine S.88  6.88  1.29 

Nitric  oxide  (NO  , 6.95  4.95  i .40 

Carbon  monoxide 6.86  4.86  i. 41 

Hydrochloric  acid 6. 68  4. 68  i  .43 

Carbon  dioxide 9. 55  7 .  55  i .  26 

Nitrous  oxide  (N^O) 9.94  7.95  1.25 

Water 8.65  6.65  1.28 

Sulphur  dioxide  .^ 9.88  7.88  1.25 

Ozone —  —  1,29 

This  relation  gives  us  another  (pp.  9,  11)  definition  of 
Molecular  or  formula  weight  in  the  gaseous  state.     The 
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molecidar  or  formula  weight  of  a  gas  is  that  number  which 
when  multiplied  by  the  difference  between  the  specific  heat 
at  constant  pressure  and  thai  at  constant  volume  gives  a 
value  of  2  cals. 

The  ratio  k[=-^\  of  equation  (ii)  is  also  employed 

to  find  the  number  of  combining  weights  contained  in  a 
formula  weight  of  a  gas.  This  is  purely  an  empirical 
relation,  it  having  been  observed  that  known  monotomic 
gases,  mercury  for  example,  give  A' =  1.667,  diatomic 
ones  about  1.4,  etc.;  the  greater  the  number  of  atomic 
weights  to  the  formula  weight,  the  smaller  the  value  of 

the  relation  — .     An  example  of  this  application  is  given 

by  Ramsay  in  the  work  on  argon,  where  the  combining 
weight,  owing  to  the  non-existence  of  any  compounds 
with  this,  is  unknown. 
By  combining  the  equation 

M{Cj,-C^=2 

with  the  value  of  the  relation  —  for  the  gas  in  question, 

it  is  apparent  that,  so  long  as  the  gas  laws  hold,  the  value 
of  Mcj,  (or  of  Mc^  is  the  same  for  all  so-called  mon- 
atomic  gases.  Naturally  Mc^  (or  Mc^  will  have  a  dif- 
ferent value  for  a  diatomic  gas,  but  that  value  will  re-' 
main  constant,  under  the  above  condition,  for  all  dia- 
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tomic  gases;  and  the  same  is  true  when  for  all  tri- 
atomic,  etc.,  gases.  In  this  way  it  is  possible  to  get  an 
approximate  value  of  Cp  or  c^  for  any  gas  simply 
from  ihe  knowledge  of  the  constant  value,  Mcp  (or 
MQ  for  that  type  of  gas,  and  the  molecular  weight  of 

the  gas. 

12     Determination   of  the  specific  heat  of  gases. — 

The  specific  heat  for  constant  volume  c„  cannot  be  de- 
termined directly  with  accuracy,  since  the  vessel  con- 
taining the  gas  absorbs  so  much  more  heat  than  the 
gas  itself.  Even  under  the  most  favorable  conditions 
the  ratio  of  the  absorption  of  heat  by  the  gas  to  that  by 
the  vessel  is  1:55. 

From  the  specific  heat  for  constant  pressure  and  the 

/J 
caXio  k=—,c^  can,  however,  be  found  indirectly. 

The  specific  heat  at  constant  pressure  is  determined 
by  passing  a  certain  volume  of  the  gas,  heated  under 
constant  pressure,  to  a  certain  temperature,  through  the 
worm  of  a  calorimeter  and  observing  the  consequent 
increase  in  the  temperature  of  the  water.  We  know 
then  the  number  of  calories  which  causes  a  certain  tem- 
perature to  exist  in  the  known  volume  of  the  gas;  and 
from  this  data  it  is  easy  to  calculate  the  specific  heat,  Cp. 
The  value  of  the  molecular  specific  heat  for  constant 
pressure  for  all  gases  seems  to  converge  toward  the  value 
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6.5  at  the  absolute  zero.    Wc  have  in  general  the  relation 

where  a  is  a  constant  for  each  gas  and  is  the  laiger  the 
more  complex  the  formula.  For  a  we  find  the  following 
values:  for  H2,  N2,  O2,  and  CO,  a =0.001,  NHs  =0.0071, 
CO5  =  0.0084,  CeHe  =  0.0510,  ether  =  0.0738,  H20= 
0.0089,  C2H4  =  o.oi37,  CHCl3=o.o305,  C2H5Br>=  0.0324, 
CH3COOC2H6  =  0.0674,  C3H60=o.0403,  N20=o.oo89. 
This  formula  may  be  used  in  the  following  way  to  find 
the  value  c^.    For  CeHe,  a =0.05 10;   hence  at  50®,  we 

have 

6.5+0.0510X323 
^P= Z3 ^0-295* 

while  Wiedemann  found  0.299  experimentally. 
The  ratio  k  =  —  can  be  found  easily  by  the  method 

of  Clement  and  Desormcs,  even  though  the  individual 
values  of  Cp  and  c^  are  unknown. 

A  glass  balloon,  holding  about  20  liters,  is  provided 
with  a  brass  stop-cock  and  a  manometer.  From  this 
vessel  the  air  is  partially  rarefied  and  the  pressure  ob- 
served by  aid  of  the  manometer.  Let  this  initial  pres- 
sure be  pQ  and  the  atmospheric  pressure  be  P.  If  the 
cock  is  now  opened  for  half  a  second  air  will  rush  in 
until  the  external  and  internal  pressures  are  the  same. 
As  the  air  goes  in,   however,  heat  will  be  developed, 
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which,  as  it  is  not  removed,  will  increase  the  tempera- 
ture of  the  gas  according  to  the  law  of  adiabatic  com- 
pression (p.  46).  By  the  process  we  have  increased 
the  pressure  from  po  to  P.  If  the  initial  specific  volume 
is  vq  and  the  final  one  is  v,  then  k  can  be  determined 
from  the  equation 


pQ     V"/ 

The  final  specific  volume  is  not  known  yet,  however. 
To  find  this  we  wait  until  the  flask  and  air  have  been 
reduced  to  the  temperature  of  the  surrounding  air  and 
again  measure  the  pressure.  If  this  pressure  is  p  at  the 
temperature  (,  then 

VQ-.v.-.p-.po, 
or 

ZJP\\ 

and 

^_Iogf-log  jlQ 

log  ^-log  pQ 

In  one  experiment  with  air  P  =  i.oo36,  ^0=0.9953, 
and  ^=1.0088  atmospheres;  hence 


13.  The    second    principle  of    thermodynaniics. — By 
the  first  principle  we  have  found  that  a  certain  amount 
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of  heat  is  equivalent  to  a  certain  amount  of  work.  If 
we  consider,  however,  the  possible  means  of  transform- 
ing heat  into  work  we  find  that  a  certain  condition  must 
be  fulfilled,  i.e.,  the  heat  must  go  from  a  warmer  to  a 
colder  body.  In  other  words,  heat  can  only  produce 
work  by  going  from  a  higher  to  a  lower  temperature. 
This  condition  has  been  expressed  in  other  words.  For 
example,  heat  of  itself  can  never  go  from  a  colder  to  a 
warmer  body  without  work  being  used  upon  it.  A  per- 
petual motion  of  the  second  kind  is  impossible. 

A  device  to  produce  a  perpetual  motion  of  the  second 
kind  would  be  a  machine  which  would  run,  for  example, 
from  the  heat  of  the  sea.  It  is  related  to  the  second  just 
as  an  ordinary  perpetual  motion  is  related  to  the  first 
principle. 

Since  heat  can  only  be  transformed  into  work  by  a 
transference  of  heat  from  a  higher  to  a  lower  tempera- 
ture, it  is  important  to  know  the  relation  which  exists 
between  the  amount  of  heat  transferred  as  heat  and 
that  transformed  into  work. 

For  this  investigation  it  is  necessary  that  all  the  work 
done  be  external  work,  which  can  be  readily  observed, 
and  then  compared  with  the  known  amount  of  heat. 
We  employ  for  this  purpose  a  process  which  was  origi- 
nated in  1824  by  Sadi  Camot  and  which  is  known  as 
the  Camot  cycle.  The  arrangement  is  such  that  the 
final  state  is  identical  with  the  initial  one,  i.e.,  before 
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and  after  the  operation  the  body  contains  exactly  the 
same  amount  of  energy.  Then  the  relation  between  the 
heat  transferred  and  the  work  done  is  very  readily  ob- 
tained. Naturally  no  heat  must  be  lost  by  radiation  or 
conduction,  or  the  final  result  will  be  incorrect;  for 
this  reason  the  process  is  an  ideal  one  and  cannot  be 
realized  practically.  Since  all  transference  of  heat  and 
work  is  assumed  to  take  place  without  differences  in 

temperature  and  pressure  the  process  may  go  in  either 

• 

direction,  i.e.,  it  is  reversible.  This  condition  of  rever- 
sibility is  never  obtained  in  practice,  so  that  the  relation 
which  we  find  is  the  limit  under  the  most  favorable 
conditions. 

14.  The  thermodynamic  cycle.* — A  gas,  on  absorbing 
heat,  expands  and  does  work  until  its  temperature,  which 
must  have  been  higher  than  that  of  the  environment, 
falls  to  this.  By  this  process  heat  at  a  high  temperature 
is  absorbed  by  the  gas  and  partly  transformed  into 
external  work.  When  the  temperature  of  the  gas  is 
reduced  to  that  of  the  environment  no  more  work  can  be 
done.  The  object  of  this  process  we  are  to  assume  as 
carried  out  is  to  find  the  relation  of  heat  absorbed  to  the 
heat  which  is  transformed  into  work  imder  ideal  con- 
ditions. 

*  If  the  reader  does  not  follow  the  mathematical  derivation,  he  may 
simply  turn  to  the  physical  meaning  of  the  relation  derived  so  that  he 
can  at  least  make  use  of  it. 
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I.  Assume  an  ideal  gas  enclosed  in  a  cylinder  with  a 
movable  piston  at  a  certain  temperature  and  pressure. 
The  cylinder  is  now  placed  in  a  heating-bath  at  the 
temperature  Ti,  and  the  volume  is  allowed  to  increase 
imder  a  constant  pressure  which  is  just  greater  than 
that  of  the  atmosphere.     By  this  expansion  the  gas  will 
cool.    Here,  however,  we  assume  heat  to  be  absorbed 
by  it  to  such  an  extent  that  the  temperature  remains 
constant.     If  the  heat  absorbed  by  the  gas  is  Q\j  its 
initial  volume  i/i,  and  its  final  one  2/2,  and  the  constant 
temperature  Ti,  then  the  work  done  by  the  gas  will  l>e 

equal  to  Jpdv.      Since  the  temperature  remains  con' 

stant,  equation  (5)  becomes 


dQi^o+pdv; 


or,  smce  p= — , 


V 


dv 
dQi=rT- 


or 


(14)  Qi=rrilog,^. 

2.  The  gas  is  next  allowed  to  expand  adiabatically 
until  the  temperature  falls  to  T2.  For  this,  the  new 
voliune  being  Vs,  we  have  the  relation 


ds) 


T2      \V2/ 


1 
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3.  Next  the  pressure  is  increased  until  the  volume 
lecreases  to  V4,  heat  being  removed  to  the  amoimt  Q2, 
50  that  the  temperature  remains   constant  at  7*2.    The 

VTork  done  here  by  the  gas  is—  /    pdv;  we  have  then 

(16)  g2=rr2log,^. 

4.  Finally,  the  gas  is  compressed  adiabatically  imtil 
the  original  volume  Vi  and  the  original  temperature  T^ 
^re  reached.  This  can  be  arranged  by  choosing  v^  of 
the  proper  size.     We  have  for  this  relation 


R=(s) 


k-i 


We  have  thus  carried  the  gas  through  a  series  of  changes, 

^nd  have  finally  the  same  state  as  that  from  which  we 

started.    The  amount  of  heat  Qi   is  absorbed  at  the 

higher  temperature  Ti,  and  a  smaller  amount  Q2  is  given 

up  at  the  lower  temperature  T2,  and  a  certain  amount 

has  been  transformed  into  work.    The  amount  of  heat 

which  is  equivalent  to  the  work  done  is  equal  to  Q=Qi 

-^2.     The  heat  Q2  has  simply  been  transferred  from  the 

emperature  Ti  to  T'2. 

The  relation  between  Qi  and  Q2  is  given  by  equations 
14)  and  (16) 
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By  (15)  and  (17),  however, 

—  =—-,    i.e.,    log^  —  =  I0&  — : 


hence 


Q2    T^ 


i.e.,  the  amounts  of  heat  absorbed  and  liberated  are  pt'^ 
portional  to  the  absolute  temperatures. 

The   amount  of  heat  transformed  into  work  \s  Q='^ 
Qi—Q2-    We  have  then 

Q1-Q2    T1-T2 


T2 


and 


Q1-Q2    Ti-ra 


From  the  two  equations  above  we  may  conclude  that, 
in  reversible  processes,  the  work  done,  or  to  be  done,  by 
the  transformation  of  heat  in(Q  work  is  to  the  arnoutU  of 


THE  CASEOUS  STATE. 


59 


1 


/leal  absorbed  al  ike  temperature  Ti  {or  liberated  at  T^) 
as  Ike  temperature  interval  through  which  the  Jieat  has 
fallen  {or  must  fall)  is  to  the  absolute  temperalure  Ti  {or 
T2). 

Thus  at  a  boiler  temperature  of  200"  and  a  condenser 
temperature  of  50°,  the  fraction  of  the  heat  absorbed 
which  would  be  transformed  into  work  under  ideal  con- 


ditions is 


1 50 


and  the  ratio  of  heat  transformed 


273  +  200 

into  work  to  the  heat  evolved  as  heat  at  T2  is,  at  greatest, 
, ,     //  T2  were  the  absolute  zero,  then,  and  only 

then,  would  all  heat  be  transformed  into  work;  otherwise 
the  ratio  is  always  less  than  i.  Naturally  in  the  above 
"both  heat  and  work  must  be  expressed  in  the  same  units. 
Although  we  have  derived  this  relation  for  gases  it 
is  equally  true,  for  all  systems  where  heat  is  being  trans- 
formed into  any  kind  of  work. 


CHAPTER  in. 
THE  LIQUID   STATE. 

1$.  Distinction  between  liquids  and  gases. — Liquids 
are  distinguished  from  gases  by  the  fact  that  they  pos- 
sess a  volume  of  their  own,  which,  although  dependent 
upon  pressure  and  temperature,  cannot  be  changed  to 
any  extent  by  them. 

From  the  standpoint  of  experiment  all  we  can  say  of  a 
liquid,  as  compared  to  a  gas,  is  that  it  contains  less  energy 
than  the  former,  for  energy  is  always  absorbed  by  a  liquid 
when  it  is  being  transformed  into  a  gas.  On  hypothet- 
ical grounds  it  is  said  that  the  attraction  between  the 
molecules  of  a  liquid  is  greater  than  between  those  of 

■ 

a  gas. 

Since  the  volume  in  the  gaseous  state  is  always  greater 

than  that  in  the  liquid  state,  a  greater  temperature  is 

necessary  to  cause  a  liquid  to  boil  when  the  pressure 

over  it   is   increased.    And,    conversely,    a   liquid   boils 

more  readily  (i.e.,  at  a  lower  temperature),  when  the 

pressure    over    it    is    decreased.     (See    Le    Chatelier's 

theorem,  p.  33). 
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1 6.  Connection  between  the  gaseous  and  liquid  states. 

— ^If  at  constant  temperature  a  gas  is  subjected  to  a  con- 
stantly increasing  pressure,  its  state  may  change  in  one  of 
two  ways  according  to  the  conditions : 

a.  This  case  has  already  been  considered  under  gases. 
The  volume  at  first  changes  more  rapidly  than  the  pres- 
sure, next  in  the  same  ratio,  and  finally  more  slowly. 
When  the  pressure  becomes  very  high  a  further  increase 
has  but  a  sUght  effect  upon  the  volume. 

b.  Here  the  relation  between  pressure  and  volume 
is  quite  different,  although  the  first  step  is  the  same, 
i.e.,  the  volume  changes  more  rapidly  than  the  pressure. 
The  ratio  here,  however,  in  contrast  to  a,  increases  con- 
tinually. When  a  certain  pressure  is  reached  a  new 
phenomenon  is  observed:  the  gas  is  no  longer  homo- 
geneous; one  part  has  separated  which  behaves  differ- 
ently from  the  rest,  i.e.,  the  gas  is  partly  Uquefied.  For 
a  constant  temperature  this  liquefying  pressure  remains 
constant,  while  the  volume  decreases  steadily,  i.e.,  for 
one  pressure  we  have  a  whole  series  of  volumes.  An  in- 
crease in  the  external  pressure  has  no  lasting  effect  upon 
the  internal  pressure  (which  still  remains  as  it  was), 
but  it  causes  the  volume  to  decrease  more  rapidly.  Only 
after  the  whole  gas  has  been  liquefied  can  the  pressure 
be  increased.  Then,  however,  we  shall  compress  only 
the  liquid,  just  as  in  the  last  stage  of  a  we  compressed  the 
gas. 
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The  condition  which  causes  a  gas  under  compression 
to  follow  a  or  6  is  the  temperature.    If  this  is  above 
a  certain  point,  which  depends  upon  the  nature  of  the 
gas,  process  a  will  be  followed;  if  below  this  point,  process 
b.    This  was  the  first  recognized  by  Andrews  in  1871.    If, 
for  example,  we  compress  CO2  gas,  keeping  the  tem- 
perature at  0°,  the  volume  changes  more  rapidly  than  the 
pressure,  and  at  a  pressure  of  35.4  atmospheres  the  gas 
condenses    to    a    Uquid.     The   higher   the    temperature, 
under  30^.92,  the  higher  the  pressure  must  be  to  causes 
condensation;     but    above    30^.92    no    condensation   i^ 
possible.    Thus: 


/  p 

31°,  impossible  to  liquefy  it. 
30°. 92  =  73 . 6  atmospheres. 
30°=  73.0 

i3°.i  =  48.9 
o°=35.4 


t         P 
—  21°=  2 1. 5  atmospheres. 

-4o°=ii.o  ** 

-S9°.4-   4.6 
—  70°. 6=   2.3  ** 

-78°=   1.2  " 


Andrews  called  the  temperature  30^.92  the  critical 
temperature.  Correspondingly  we  call  the  pressure  which 
is  necessary  to  liquefy  the  gas,  at  the  critical  temperature, 
the  critical  pressure  (73.6  atmos.  at  3o°.9),  and  the  volume" 
which  the  gas  or  liquid  occupies  {di  =dg)y  under  these 
two  conditions,  the  critical  volume. 

The  best  method  of  showing  the  behavior  of  a  gas 
under  compression  is  by  plotting  a  curve  in  a  system 
of  coordinates  where  the  pressures  are  laM  out  upon  th^ 
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is  of  ordinates,  and  the  volumes  upon  the  axis  of 
:)scissae.  In  these  two  curves  the  horizontal  parts, 
'hich  show  constant  pressure  for  varying  volume,  in- 


FiG.  2. 

dicate  that  the  gas  liquefies.  The  vertical  parts  refei 
to  the  liquid  state,  while  all  others  refer  to  the  gaseous 
state. 

Fig.  2  shows  the  behavior  of  CO2  and  air,  the  ordi- 
lates  being  pressures  in  atmospheres.  At  31°.!  CO2 
lere  is  no  horizontal  part,  i.e.,  no  varying  volume  for 
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constant  pressure;  the  gas  does  not  liquefy,  since  it  is 
above  its  critical  temperature.  For  all  temperatures 
below  31°.  I  the  horizontal  part  is  present,  i.e.,  the  gas 
liquefies  under  a  suflScient  pressure.  Under  all  these 
pressures  air  remains  a  gas  and  behaves  as  CO2  does 
when  above  3i°C. 

The  critical  temperature  of  a  mixture  of  two  liquids 
can  be  calculated  in  general  by  the  formula, 

pty-^- {100- p)t2 
°'*^*-  ~  "  100  ' 

where  p  represents  the  percentage  by  weight  of  the 
liquid  I  and,  naturally,  100  — p  that  of  the  liquid  2.  In 
other  words,  critical  temperature  is  an  additive  property. 
(For  further  information  on  this  subject,  see  Pawlewski, 
Ber.  15,  460  and  2460,  1882,  and  Schmidt,  Lieb.  Ann. 
266,  266,  1891,  and  for  an  exception  to  the  general  rule, 
see  Kuenen,  Phil.  Mag.  40,  173,  1895.) 

When  a  solution  of  a  solid  substance  is  heated  to  its 
critical  temperature  it  is  observed  that  there  is  no  sepa- 
ration of  solvent  and  solute,  and  that  apparently  the 
gaseous  solvent  has  the  same  power  to  dissolve  the  sub- 
stance that  the  liquid  one  had. 

17.  Vapor-pressure  and  boiling-point. — The  vapor- 
pressure  of  a  liquid  is  the  pressure  to  which,  at  ajiy 
fixed  temperature,  it  will  evaporate  in  an  exhausted 
space.     If  the  vapor  thus  formed  is  removed,  naturally 
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more  vapor  will  form,  and  by  successive  removals  of 
portions  in  this  way  the  entire  amount  of  liquid  may 
be  evaporated.  To  cause  a  liquid  to  evaporate  contin- 
uously, then,  it  is  necessary  to  remove  the  pressure  of  the 
vapor  above  it.  This  may  be  done  as  above,  or  the  same 
condition  may  be  attained  by  making  the  exhausted  space 
large  enough  to  contain  the  vapor  of  all  the  liquid  and 
yet  not  reach  a  high  enough  pressure  to  prevent  further 
evaporation.  This  latter  condition  is  indeed  obtained 
in  the  open  air  when  the  vapor  pressure  of  the  liquid  is 
increased  to  such  an  extent  by  heat  that  it  exceeds  the 
coimter-pressure  of  the  atmosphere.  The  temperature 
necessary  for  this  is  called  the  boUing-poini  of  the  liquid, 
the  boiling-point  designating  that  temperature,  at  atmos- 
pheric pressure,  at  which  liquid  and  gas  can  exist  together 
in  all  proportions.  Every  external  pressure  corresponds 
to  a  certain  temperature,  and  these  two  magnitudes 
increase  an(J  decrease  together.  At  the  critical  tem- 
perature the  significance  of  vapor-pressure  is  naturally 
lost.  For  every  pressure  under  the  critical  one,  how- 
ever, there  is  a  certain  temperature  at  which  gas  and 
liquid  may  exist  together  in  all  proportions:  this  tem- 
perature is  the  boiling-point  at  that  pressure.  Corre- 
spondingly, for  every  temperature  under  the  critical  one, 
there  is  a  certain  pressure  at  which  gas  and  liquid  may 
exist  in  equilibrium  in  all  proportions:  this  is  the  vapor- 
pressure  at  that  temperature. 
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Although  the  boiling-point  of  a  liquid  has  always  been 
supposed  to  offer  the  best  criterion  as  to  its  purity,  Gut- 
mann  (Trans.  Chem.  Soc,  87,  1037-1042,  1895,  J^^- 
Am.  Chem.  Soc.  29,  345-348,  1907)  has  called  attention 
to  the  fact  that  the  freezing-point  is  a  much  surer  in- 
dication, and  proves  it  with  results  obtained  with  liquid 
air  as  the  freezing  mixture. 

The  vapor-pressure  of  a  liquid  may  be  determined  in 
one  of  several  ways.  One  method  of  theoretical  interest 
which  gives  good  results  is  by  J.  Walker.  A  current  of 
dry  air  is  passed  through  the  liquid  which  is  held  at 
constant  temperature  and  the  loss  in  weight  of  the  liquid 
observed.  The  air  in  passing  through  the  liquid  will 
absorb  an  amount  of  vapor  proportional  to  the  vapor- 
pressure  of  the  liquid.  If  V  is  the  volume  of  air  which 
in  passing  through  the  hquid  absorbs  the  weight  of  i 
mole,  then  in  that  volume  we  have  the  relation 

pV=RT, 

where  p  is  the  vapor  pressure  of  the  liquid  at  the  tem- 
perature T",  i.e.,  the  partial  pressure  of  the  vapor  in  the 
air  which  has  passed  through. 

If  Vj.  is  the  volume  of  air  which  absorbs  x  grams  of  the 
liquid  with  the  molecular  weight  M  in  the  gaseous  stale, 
then  we  have 

or  p  =  Y^—RT. 
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The  term  v,  here  represents  the  total  volume  contain- 
ing the  X  grams,  i.e.,  that  of  vapor  and  air,  but  that  of 
the  latter  may  be  taken  as  a  rule  as  the  volume  of  the  other 
is  small  in  comparison. 

If  we  compare  two  liquids  at  the  same  temperature, 
passing  equal  volumes  of  air  through  them, 

or 

X     M'  , 

where  M  and  M'  are  the  molecular  weights  of  the  sub- 
stances in  gaseous  form. 

This  equation  may  also  be  used,  for  one  liqiud  alone, 
in  its  original  form, 

Here  natiurally  we  must  assume  that  the  saturated  vapor 
behaves  as  a  more  permanent  gas  would  i.e.,  obeys  the 
gas  laws.  The  only  diflSculty  in  the  use  of  these  formulas 
is  the  netessUy  of  having  the  same  dimensions  on  either 
side.  If  ^  be  expressed  in  atmospheres,  V  in  liters  and 
R  in  liter-atmospheres  Uttle  difficulty  will  be  experienced. 

X 

X  and  M  are  then  foimd  in  grams,  the  ratio  ^^  being 
equal  to  the  number  of  moles  going  into  the  gaseous 
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state.  For  further  information  on  this  valuable  method, 
see  Walker,  Zeit.  f.  phys.  Chem.,  2,  602,  1888;  Will 
and  Bredig,  Ber.,  22,  1084,  1889;  OmdorfiF  and  Carrell, 
Jour.  Phys.  Chem.,  i,  753,  1897;  Perman,  Proc.  Roy. 
Soc.,  72,  72,  1903;  Carveth  and  Fowler,  J.  Phys.  Chem., 
8,  313,  1904;  Berkeley  and  Hartley,  Proc.  Roy.  Soc.,  ' 
77,  156  and  78,  68,  1096;  and  Lincoln  and  Klein,  Joiur. 
Phys.  Chem.,  11,  318,  1907. 

18.  The  heat  of  evaporation. — For  the  transformation 
of  a  liquid  into  its  gaseous  form  a  considerable  amount 
of  heat  is  necessary.  There*  are  two  causes  for  this 
absorption  of  heat.  The  volume  must  be  increased 
against  atmospheric  pressure,  and  the  liquid  must  be 
transformed  into  the  gaseous  state.  The  former  is  of 
the  least  value.  Its  amount,  by  definition,  may  be 
calculated  from  pV=RT=2T  cals.  (see  p.  11);  i.e.,  for 
every  mole  of  water-vapor  formed  from  liquid  water,  at 
100°,  2  X  (273 +  100)  =  746  cals.  are  used  for  the  expan- 
sion. Since  the  heat  of  evaporation  of  i  mole  (18  grams) 
of  H2O  to  steam  at  iqo°  is  9650  cals.,  and  the  amoimt 
necessary  for  the  expansion  is  but  746  cals.,  it  will  be 
observed  that  the  difference  in  energy-content  of  the  two 
states  is  very  considerable. 

The  ratio  of  the  molecular  heat  of  evaporation  (=nao- 
lecular  weight  as  a  gas  multiplied  by  the  heat  of  evapo- 
ration  of  i  gram)  to  the  absolute  boiling-point,  at  atmos- 
pheric   pressure,    has    been    found    experimentally    by 
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Trouton  (Phil.  Mag.,  (5),  18,  54,  1884)  to  be  a  constant 

for  a  very  large  number  of  substances,  and  equal  to 

Mw 
approximately  21,  i.e.,  ^  -  =21,  but  Nernst  has  found 

^  b.p. 

this  constant  to  vary  with  the  temperature  and  has 
suggested  two  other  forms*  of  the  equation,  which  give 
satisfactory  results  for  a  large  number  of  liquids.  Later 
these  equations  were  simplified  by  Bingham  (Jour.  Am. 
Chem.  Soc,  28,  723-731,  1906)  to  the  form 

Mw  _ 

-7^— =  17+0-01 1  ^b.p. 

•*■  b.p. 

Although  the  substitution  of  the  values  of  M ,  as  a  gas, 
w,  and  Tb.p.  in  this  equation  shows  that  it  holds  for  a 
ver}'  large  number  of  substances,  certain  others  give  a 
greater  value  to  the  left  side  than  to  the  right.  This  is 
interpreted  as  meaning  that  the  substance  as  a  liquid 
has  a  larger  molecular  weight  than  it  has  as  a  gas,  i.e., 
is  associated,  and  consequently  requires  an  extra  amount 
of  energy,  over  that  requisite  for  a  simple  evaporation, 
to  perform  the  work  of  disassociation;  and  the  difference 
in  the  values  of  the  right  and  left  sides  is  assumed  to 
be  an  approximate  measure  of  the  amounts  of  the  asso- 
ciation.    When  the  substitution  of  the  values  of  M,  as 


Mw  rw^  Mw 

*  ;jr^ —  =  9-5  log. rb.p.- 0.007 rb.p.  and  —-—=8.5  log  Pb.p.;    Gott. 

-*  b.p.  J-  b.p. 

Nach.,  1906. 
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a  gas,  w,  and  T'^.p.  gives  the  same  value  for  the  two  sides 
of  the  equation,  then,  the  substances  is  regarded  as  non- 
associated,  i.e.,  to  have  the  same  molecular  weight  in 
both  the  liquid  and  gaseous  states;  it  is  not  possible,  how- 
ever, to  calculate  from  the  equation  the  extent  of  the  asso- 
ciation; when  the  two  sides  are  not  identical,  in  other  words, 
we  cannot  solve  for  M  and  consider  that  the  moleadar 
weight  as  a  liquid. 

It  will  be  seen  that  this  law  is  simply  an  extension  of 
our  "  work "  definition  of  molecular  weight  as  a  gas 
(p.  ii);  for  the  equation  provides  that  not  only  the 
external  work  of  formation  of  a  mole  of  gas  from  ne^ 
gible  volume,  but  also  the  total  heat  of  formation,  is  de- 
pendent with  non-associated  substances  only  upon  the 
temperature  of  formation.  Naturally,  when  the  liquid 
must  also  disassociate  in  forming  the  gas,  we  would  expect 
the  total  heat  for  each  specific  case  to  be  smaller  or 
larger,  according  as  heal  is  absorbed  or  evolved  by  the 
process  of  disassociation,  the  amount  of  which  would 
depend  upon  the  nature  of  the  substance. 

Another  equation  which  can  be  used  for  the  calcula- 
tion of  the  heat  of  evaporation  of  non-associated  liquids 
is  given  by  Mills  (Jour.  Phys.  Chem.,  9,  402;    10,  i; 

.  ,     ,     .         Mw  —  Qxi.  work 

II,  132;  II,  154)  in  the  form —-.^----^ — ^constant, 

Vd-VD 

where  d  is  the  density  as  a  liquid  and  Z)  as  a  gas.     This 

formula  can  be  used,  contrary  to  the  Trouton-Bingham 
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relation,  at  temperatures  other  than  the  boiling-point  at 
atmospheric  pressure. 

Still  another  equation,  holding  for  non-associated 
liquids,  has  been  derived  as  follows  by  Crompton  (Proc. 
Chem.  Soc.,  17,  61,  1901):  Assume  that  the  gas  laws 
hold  rigidly  for  a  saturated  vapor,  and,  further,  that 
theoretically  it  is  possible  at  constant  temperature,  and 
by  compression  alone  to  reduce  the  volume  of  a  mole  of 
gas,  Vg  {^MVg),  to  that  occupied  by  the  liquid, 
Vi  {=Mvi)*  without  any  change  in  state  occurring  and 

the  gas  continuing  to  obey  the  law  throughout  the  com- 
pression. The  work  done  in  causing  this  change  of 
volume  will  be  equal,  then,  to 


g  I     ^RT  V 

pdV=    /      -y-dV=RT log,  Y^, 


and  as  no  change  in  temperature  takes  place,  heat  equiva- 
lent to  this  will  be  given  out.  The  gas  will  now  occupy 
the  volume  which  would  be  occupied  by  the  hquid,  but 
of  itself  it  will  not  retain  its  volume.  In  order  to  obtain 
it  in  such  a  state  that  it  will  do  this  it  is  necessary  to 
remove  its  ability  to  expand.     By  removing  an  amount 

*  In  this,  instead  of  assuming  the  volume  of  the  h'quid  as  negligible 
(definition,  p.  11),  for  the  sake  of  greater  accuracy,  we  are  to  consider  it. 
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of  energy  equal  to  that  expended  in  compressing  the 

y 
material,   viz.,   RT   log,T^,  we  shall,  however,  also  re- 
move this  power  of  expansion.    The  total  heat  given  out, 
then,  by  the  production  of  the  liquid  from  the  vapor 

V 
is  2RT  log,-T^,  and  this  is  equal  to  the  latent  heat  of 

evaporation  of  the  molecular  amount,  i.e., 

y 
l=.Mw=2RTlogeYf 

V 

or,  since  the  ratio  of  the  molecular  volumes  -r/  under 

Vl 

normal  conditions  is  the  same  as  that  of  the  specific 
volumes,    or   inversely   as   the     specific    densities,    and 

using  Brigg's  logarithms,  we  have 


l=:Mw=^2RTlog~X 


'Vl     .4343 

Thus,  since  for  CO2  at  r=248,  rf^=i.io,  ^^=0.044,  and 
Af  =  44,  we  find  71^  =  71.91  calories,  where  the  experi- 
mental value  is  72.23. 

This  formula,  which  can  also  be  used  at  any  tempera- 
ture, according  to  Alills,  gives  very  accurate  values  at 
temperatures  at  which  the  vapor-pressure  is  high,  but 
values  which  are  too  large  for  those  temperatures  giving 
low   vapor-pressures;    the   divergence,    at   high   vapor- 
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pressures,  being  greater  than  one  calorie  only  for  a  few 

Mw 
cases  (see  Mills,  l.c.).    The  term  ,p —  of  the  law  (p.  69) 

^b.p. 

is  equal  according  to  this  equation  to  2R  (log^  F^— loggF/), 
which  for  many  liquids  gives  values  lying  between  22.8 
and  23.9. 

The  heat  of  evaporation,  however,  also  varies  with 
the  temperature.  The  expression  for  this  variation  is 
derived  as  follows:  (i)  Allow  i  mole  of  liquid  to  vaporize 
at  the  boiling  temperature,  T,  and  then  heat  this  volume, 
holding  it  constant,  to  the  temperature  T+L  The  gas 
in  expanding  has  done  the  work  pV=RT  and  has  ab- 
sorbed the  heat  Mcjt  in  going  to  the  higher  temperature, 
while  the  latent  heat  of  evaporation  is  /y.  (2)  We  reach 
the  same  final  state  by  first  heating  the  liquid  to  T+Z, 
by  which  the  heat  Mc  is  absorbed,  and  then  allow  the 
gas  to  form  at  T-f/.  The  work  of  expansion  here  is 
pV =R{T+t)y  and  the  latent  heat  Ir+t-  By  these  two 
processes  we  have  reached  the  same  final  state  from  the 
same  initial  one,  so  by  the  principal  of  the  conservation 
of  energy  the  loss  in  energy  is  the  same  in  both  cases. 
We  have  then 

or 


Mcv+R-Mc-= 


t 
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and,  since  by  (7),  see  p.  48,  Mc*+i?=MCp, 

MCp—Mc  = "^Tt'    ^^    ^p^^^It* 

i.e.,  /A^  /o/^n/  A^a/  q/"  evaporation,  in  the  neighborhood 
of  any  temperature,  increases  per  degree  by  an  amount 
eqtuil  to  the  specific  heat  of  the  gaseous  state  at  constant 
pressure,  minus  the  specific  heat  of  the  liquid,  both  at 
thai  temperature.  Since  the  specific  heat  of  the  gas  is 
always  less  than  that  of  the  liquid,  the  increase  is  negative, 
i.e.,  the  heat  of  evaporation  always  decreases  with  in- 
creasing temperature,  c  for  benzene  at  50°  is  0.45,  c^  for 
50°  (see  p.  52)  =0.295,  hence  the  temperature  coefficient 
of  the  heat  of  evaporation  of  benzene  around   50°   is 

Aw 
—0.155  cal.  per  degree,  for  jj;  =  o.295— 0.45= —0.155; 

the  value  —0.158  having  been  found  by  experiment, 
the  difference  being  within  the  experimental  error. 

The  substance  must  have  the  same  molecular  weight 
in  both  the  gaseous  and  liquid  state  if  correct  results 
are  to  be  obtained  by  this  formula.  If  associated  in 
liquid  form,  the  result  here  will  be  too  small,  owing 
to  the  fact  that  Mc  will  be  smaller  than  the  proper  value. 

19.  The  relation  between  vapor-pressure,  heat  of 
evaporation,  and  temperature. — An  equation  showing 
the  relation  between  these  three  quantities  can  be  found 
as  follows:   Start  with  i  gram  of  liquid  at  T,  and  under 
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^^^  own  vapor-pressure  p.  Heat  J  7^  and  assume  it 
^Q  be  completely  transformed  into  gas.  During  this 
process  heat  equal  to  Wt+at  will  be  absorbed'  at  the 
temperature  T  +  JT,  the  volume  will  change  from  vi 
to  Vgj  and  the  vapor-pressure  from  p  to  p  +  ^p,  while 
work  equivalent  to  {Vg'-vi){p  +  Jp)  will  be  expended. 

Now  cool  this  vapor  to  7^  and  allow  it  to  condense, 
imder  the  pressure  p,  to  its  original  volume  Vi.  The 
change  in  volume  will  be  the  same  as  before,  with  the 
opposite  sign,  but  the  heat  evolved,  Wfy  will  be  smaller 
than  the  amount  absorbed,  Wt+jT}  for  some  of  the  heat 
has  been  transformed  into  work.  The  work  gained  by 
the  system  during  this  process  at  T  will  be  only  p{Vg—Vi), 
^he  total  work  done  by  the  system,  then,  is  {p  -h  Ap)  {Vg  —Vi) 
-p{Vg-Vi),  i.e.,  Jp(Vg-vi). 

Since  w  (the  latent  heat  of  evaporation  at  T,  i.e.,  Wt) 
is  the  heat  available  at  T,  and  the  work  Ap(Vg—Vi)  has 
been  done  by  the  transformation  of  heat  into  work,  we 
have  (pp.  58-59), 

^p(Vg-vi)     AT 


i.e., 


w  T' 


w  Ap  TOVg-vi)     AT 

or 


T{Vg-vi)     AT  w  Ap' 

Neglecting  the  negligible  volume  viy  and  assuming  the 
vapor  behaves  as  an  ideal  gas,  we  would  have,  since 
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RT 

p{Mv)^RT,    or    v=^.      ' 

i.e., 

pMw  _  Ap  27^2      AT 

Tf^^AT  pMw"  Ap' 

It  must  be  remembered  that  the  latter  forms  ^^^ 
derived  on  the  assumption  of  ideal  conditions,  and  '^^^ 
depend  in  accuracy  upon  the  holding  of  these  conditiotx^* 
The  first  two,  on  the  other  hand,  are  independent  of  tt*^ 
holding  or  non-holding  of  the  gas  laws. 

It  is  necessary  to  remember  in  using  these  equations  tb  ^ 
2  (=i?)  and  w  are  in  calories  and  p  in  mechanical  unit^» 

while  -7:=;  gives  us  the  change  in  vapor-pressure  for    '^^^ 

AT 
of  temperature,  -r-  giving  the  change  in  boiling- poi*^^ 

per  unit  of  external  pressure.    To  get  a  correct  resiil'^^ 
then,  care  must  be  taken  with  the  dimensions  (see    TP' 
67).    It  is  safest,  with  the  first  two  equations,  alwaj^^ 
to  express  the  pressures  as  atmospheres,  the  volumes  f  ^ 
liters  and  w  in  liter  atmospheres,  afterwards  transforming 
the  result  into  the  units  desired. 

Example. — The  boiling-point  of  ethyl  iodid  at  73.3 
cms.  is  72°.2  C,  Mw  =  j^gj;  find  change  in  vapor-- 
pressure  for  1°  C.    We  have 

7597X73-3         ,,,,^,    ■rr„ 

——-} 7-0  =  2.34  cms.  tig. 
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^^mSn  this  form  of  the  equation  there  can  be  no  trouble 
^^Irith  the  dimensions,  for  we  have  calories  in  both  numera- 
I      tor  and  denominator,  so  that  the  units  used  for  p  will 

-  be  those 
per  degree. 

20.  Refraction  of  light. — La  Place,  in  determining  the 
velocity  of  light  in  -various  media,  found  the  relation, 

«  2-1 

— -T — ^  =  constant  for  all  temperatures, 

where  n,  is  the  refraction  of  light  and  d  is  the  density 
of  the  medium.  For  many  liquids  this  holds  true, 
approximately,  but  Gladstone  and  Dale  fotmd  em- 
pirically a  relation  which  holds  more  exactly  and  for 
many  more  liquids  than  the  former.     This  is 

— ~ —  =  constant  for  any  one  liquid. 

Further,  in  the  case  of  a  mixture,  the  constant  is  found 
>  lie  equal  to  the  sum  of  those  for  the  ingredients.  We 
Uve  then 

n-  —  I  Wrl  —  I  Wr"  —  I 

where  p  is  equal  to  loo,  and  pi  and  p2  represent  the 
rcentages  by  weight  of  the  two  ingredients,  Ey  aii 
i  this  it  is  possible  to  make  an  optical  analysis. 
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Example. — An  unknown  mixture  of  amyl  and  ethyl 
alcohols  gives  «,- 1.3822,  ^=0.8065.  What  is  the  pff- 
ccntage  composition  of  each  in  the  mixture? 

For  amyl  alcohol  nri  =  1,4057,  d|  =0,8135;  ^^^  ^^ 
alcohol  n,2  =  i.36o6,  d2=o.8ir;  hence 

100X0.4738  =pi  Xo,4987  +^1X0.4501 ; 
and    since    Pi+P2  =  100,    we   find    ^i  —  48.8,    ^=51.1. 
'  By  direct  weighing  it  was  foimd  that  Pi  is  48.9  and  ft 
is  51. 1. 

This  formula  also  holds  approximately  for  solutions, 
i.e.,  for  finding  the  coefficient  of  refraction  in  the  solid 
state  from  that  of  the  solution  and  the  solvent 

21.  Surface-tension.  —  r£«  surface-tension  y  0}  a 
liquid  is  the  work  whuh  is  necessary  to  }orm  a  surfaa 


of   one    square   centimeter    in    area.     Some   liquids  wet 
the     walls     of    a    glass    lube,  while     others     do    not, 
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and  upon  this  depends  the  shape  of  the  surface  formed. 
Imagine  a  plate  of  glass  suspended  vertically  in  a  vessel 
of  water,  i.e.,  a  liquid  which  wets  the  glass.  The  glass 
will  then  be  wet  as  high  as  a  (Fig.  3)  and  the  surface  abc 
will  decrease  in  size  by  assuming  the  shape  ape.  In 
doing  this  a  certain  weight  of  liquid  will  be  raised.  When 
the  weight  P  of  this  portion  raised  is  equal  to  the  surface- 
tension  for  that  length  of  surface  equilibrium  will  be 
established,  i.e., 

or 

P 

If  now  instead  of  using  a  plate  we  use  a  capillary  tube, 
with  a  radius  equal  to  r,  /  will  become  2nr  and  the  weight 
of  liquid  raised  in  the  tube  will  be 

P  =  2nrY. 
On  the  other  hand  we  have 

P=^izr^hs, 

where  A  is  the  height  of  the  liquid  in  the  tube  (meas- 
ured downward  in  case  the  liquid  does  not  wet  the  walls), 
and  s  is  the  specific  gravity,  weight  in  grams  of  i  cc,  of 
the  liquid.    We  have  then 

2nrf^nr^hsi 


I 

V 
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or 

7*— i/2*r5, 

i.e.,  ihe  surface-tension  of  a  liquid  can  be  obtained  Avfi 
iis  specific  gravity  and  the  lieight  it  ascends  m  a  cafUr 
lary  tube  of  the  radius  r. 

When  h  and  r  are  expressed  in  centimeters,  sinoe  s 
is  in  grams,  y  will  be  found  in  terms  of'grams  per  cen- 
timeter; and  multiplication  by  98a  i  will  give  7-  in  dynes 
per  centimeter;  or  ergs  per  square  centimeter  for  dynesX 
centimeters  is  equal  to  ergs. 

22.  Surface  tenaioni  molecuUr  weight  and  critical 
temperature. — ^The  surface-tension  of  a  liquid  has  beoi 
found  to  depend  upon  the  temperature  and  nature  of  the 
liquid,  and  is  the  basis  of  one  of  the  two  definitions  we 
have  of  molecular  weight  in  the  liquid  state.  The 
first  connection  between  surface-tension  and  molecular 
weight  was  found  by  Eotvos  (Wied.  Amu,  27,  448, 
1886),  who  observed  experimentally  that  the  surface- 
tension  multiplied  by  the  2/3  power  of  the  product  rf 
molecular  weight  and  specific  volume  is  a  a  function  of 
the  absolute  temperature.  This  relation,  expressed 
mathematically,  is 

r{Mv)^=f{T), 

where  y  is  the  surface-tension  in  dynes,  M  the  molecular 
weight,  and  v  is  the  specific  volume,  i.e.,  the  reciprocal  of 
the  density.    Ramsay  and  Shields  (Zeit.  f.  phys.  Chem., 
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12,    431-475,  1893)  expressed  this   relation  in  the  form 

^vhere  t  is  the  temperature  reckoned  downwards  from 

the  critical  one,  and  ^  is  a  constant  independent  of  the 

nature  of  the  liquid,     t  here,  however,  must  always  be 

greater  than  35  for  good  results. 

Ostwald  explains  the  relation  as  follows:    If  the  mole 

Were  in  spherical  form,  the  surface  would  be  proportional 

to  the  volume  raised  to  the  power  §,  since 

• 
F:Fi:  rr^rfi^,    and    s'.si\:r^:r^. 

VVe  see,  then,  that  the  above  law  simply  expresses 
the  fact  that  the  work  necessary  to  form  the  molecular 
surface  depends  only  upon  the  temperature,  as  calculated 
downwards  from  the  critical  one  (or  at  least  a  point  about 
6^  below  this),  at  which  the  surface-tension  and  the 
work  are  both  equal  to  zero.  The  law,  in  fact,  is  ex- 
actly analogous  to  the  gas  law  pV=RT,  for  at  the  point 
from  which  T  is  reckoned  the  volume  is  equal  to  zero, 
and  the  volume  and  work  above  that  temperature  depend 
only  on  the  temperature  and  are  independent  of  the  nature 
of  the  gas. 

Using  as  M  the  value  found  for  the  gaseous  state 
^^say  and  Shields  found  k  for  many  liquids  to  be 
equal  to  2.12  ergs.  These  liquids  included  CeHe,  CeHgCl, 
^^U,  C2H6O,  CS2  and  PCI3,  and  many  others.  For 
other  liquids  k  was  foimd  to  be  very  much  smaller  than 


82  ELEMENTS  OF  PHYSICAL  CHEMISTRY. 

2.12,  which  was  assumed  to  indicate  that  the  Mv  in  the 
formula  is  too  small,  i.e.,  that  the  molecular  weight  has 
been  increased  by  association.  Thus  for  H2O  A  =0.9 
—  1.2;  for  organic  acids  A =0.8  — 1.6;  for  alcohols 
ife  =  i.o  — 1.6,  etc.  When  K  is  the  value  of  i  as  found 
by  experiment,  Ramsay  and  Shields  assumed  that  the 

2.12 

factor  of  association  may  be  foimd  from  -^=«*,  or 


/2.12\' 


where  x  is  the  factor  of  association. 


Later  work  by  Ramsay  and  Aston  (Proc.  Roy.  See, 
56,  162,  1894)  has  resulted  in  substituting  for  the 
above    relation    for    x    another    according    to    which 

(2,121  \' 

L/    (^+/^))  >   when  /£   is  a  constant  depending 

upon  the  nature  of  the  liquid.  //  is  not  as  yet  settled 
which  of  these  relations  is  correct,  if  either,  so  that  appar- 
ently it  is  not  yet  possible  to  accurately  determine  x  from 
the  variation  from  the  normal  value  of  k.  (See  Bogdan, 
Zeit.  f.  phys.  Chem.,  57,  349-356,  1906). 

An  example  of  the  use  of  the  equations  for  a  normal 
liquid  will  perhaps  make  them  clearer.  The  radius  of  a 
capillary  tube  is  0.01843,  at  46°,  h  (the  height  of  CCI4 
in  the  tube)  =  11.643  ^^-j  ^  (^^^  density)  =  1.5420,  hence 
7-  =  ^- hrs.X98o  =  22.9  dynes  i)er  centimeter.  Since  the 
critical  temperature  =  283°  and  ^'^2.12,  /-(Mz/) 3  =492,6 
and  M  =  i54. 
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For  water  at   10°  ^"  =  0.87,  hence  a:  =  3.8i   (from  -^ 

=»'),  i.e.,  the   association  of  water  at  10°  is  such  that 
its  molecular  weight  is  3.81  X 18. 

23,  Calculation  of  molecular  weight  and  critical  tem- 
perature from  the  surface  tension.— We  can  now  define 
molecular  weight  in  the  hquid  state;  in  other  words,  we 
can  obtain  a  relation  for  Uquids  which  may  be  used  in 
an  analogous  way  to  the  one  commonly  employed  for 
gases.  It  is  at  once  apparent  that,  according  to  our 
present  use  of  the  term,  the  molecular  weight  of  a  liquid 
at  any  temperature  is  that  weight  in  grams  which  at  thai 
temperature  will  occupy  such  a  volume  Mv  (in  cc.)  in 
the  formula  )r(Mv)i  =  k(i: ~ d)  that  k  is  equal  approxi- 
mately to  2.12  ergs.  For  this  purpose  it  is  necessary 
to  know  the  surface-tension  at  that  temperature  and 
the  term  r,  i.e.,  the  difference  between  the  critical  tem- 
perature of  the  liquid  and  the  temperature  of  the  experi- 
ment. As  it  is  not  an  easy  matter  to  determine  the 
critical  temperature  experimentally  this  definition  is  not 
very  convenient,  but  it  is  possible  to  rearrange  it  in  such 
a  way  that  the  knowledge  of  the  critical  temperature  is 
not  only  unnecessary  for  the  calculation  of  the  molecular 
weight,  but  that  it,  also,  may  be  calculated.  If  the 
surface-tensions  and  specific  volumes  (or  densities)  of 
any  one  liquid  are  knoT,vn  at  two  temperatures,  for  ex- 
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ample,  we  shall  have,  using  the  reciprocal  of  the  density 
in  place  of  the  specific  volume, 

and 

12* 


and  by  subtracting  the  second  from  the  first  we  shall 
obtain 

— ; =  ^  =  2.12  ergs, 

for  Ti— T2  is  equal  to  (crit.  temp.  — /)  —  (crit.  temp.  — /2), 
i.e.,  to  t2—t\. 

This  equation,  however,  simply  expresses  the  fact  that 
the  temperature  coefficient  of  the  molecular  surface-tension 
for  all  liquids  is  approximately  2.12  ergs.  According  io 
this,  then,  the  molecular  weight  in  the  liquid  state  is  that 
weight  in  grams  which  at  that  temperature  gives  such  a 
volume  that  a  change  in  temperature  of  1°  involves  an 
amount  of  surface-work,  according  to  the  above  formula, 
equal  to  approximately  2.12  ergs.  This  is  similar  to  a 
definition  which  might  be  used  for  the  gaseous  state,  i.e., 
the  one  expressive  of  the  amounl  of  external  work  in- 
volved by  th-c  change  in  temneraturc  of  i  mole  of  gas 
1°.    This,  according  to  p.  49,  is  equal  to  i<!,  and  we  may 
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say  the  molecular  weight  in  the  gaseous  state  is  that 
weight  in  grams  occupying  such  a  volume  that  a  tempera- 
ture-change of  1°  will  involve  the  extern?!  work  R,  i.e.,  2 
calories,  0.0821  liter  atmospheres,  or  8.31X10^  ergs. 

In  this  way  we  have  found  a  definition  of  molecular 
weight  as  a  liquid,  in  which  neither  the  critical  tempera- 
ture nor  the  constant  6  are  necessary. 

Knowing  that  M,  as  a  liquid,  is  the  same  as  it  is  as  a 
gas,  in  other  words,  knowing  k  to  be  constant  and  inde- 
pendent of  the  temperature,  even  though  its  value  is  not 
exactly  the  same  as  the  average  approximate  value  of 
^,  viz.,  2.12,  we  can  calculate  the  critical  temperature  by 
Ramsay  and  Shields^  original  equation.  In  order  that 
the  correct  value  of  the  critical  temperature  may  be 
obtained  from  these  values,  Ramsay  and  Shields  found 
It  xiecessary  to  use  the  exact  specific  value  of  k  holding 
f^r  the  liquid  in  question.  An  example  of  the  whole 
calculation  will  perhaps  make  this  clearer. 

At  i9°.4,  for  CS2,  r  =  33-58,  at  46°.!,  ;-==  29.41  dynes. 
We  have  then  for  y{Mvy  at  the  two  temperatures 


and 


fcSi)'><33.58  =  5i5.4 
(rSi)'^ '9-41  =461.4. 


n 

Tf     Where  1.264  and '1.223  ^^  the  densities  at  the  two  tempera- 
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tures.     jj; — ,    I.e.,    j——^ =^,    is    then 

,       515.4—461.4     54.0 

equal  to  — 7 =~2 —  =  2.022,  i.e.,  the  value  for  k 

^  46.1  — 19.4      26.7 

in  this  specific  case.  The  critical  temperature  of  CS2  is 
then   equal   to   ^^^  +  6  +  i9.4  =  28o°.3  C.     There    is   a 

slight  uncertainty  here  on  account  of  the  value  6  for  the 
constant,  as  this  apparently  is  not  quite  the  same  for 
all  liquids;  the  possible  error  is  small,  however. 

For  T  less  that  35°  the  formula  does  not  seem  to  hold. 
And  this  is  also  true  for  associated  liquids,  only  non- 
associated  liquids  allowing  this  determination  of  critical 
temperature  to  he  made,  for  in  all  the  other  associated 
liquids  k  varies  with  the  temperature.  It  will  be  seen  that 
the  original  Ramsay  and  Shields^  equation  is  simply  an 
extrapolation  to  find  from  the  change  per  degree  the 
temperature  at  which  the  molecular  surface-tension  would 
become  zero,  for  it  must  become  that  at  the  critical 
temperature  (or  6°  below  it),  for  at  that  point  the  liquid 
and  gas  are  indistinguishable  and  the  liquid  does  not 
form  a  surface.  Some  of  the  critical  temperatures  calcu- 
lated in  this  way  by  Ramsay  and  Shields  (I.e.)  are  given . 
below  and  will  serve  to  show  the  value  of  this  method. 
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Critical  Temperatures. 

Substance.                                 Calculated.      Observed. 
Carbon  disulphide,  CSa 280 .3  275 

273 
277.7 

271.8 

279.6 

Nitrogen  peroxide,  N2O4 226 .4  1 71 .  2* 

Silicon  tetrachloride,  SiCl4 213.8  230 

221 

Phosphorus  trichloride,  PClj 290 . 5  285 . 5 

Benzene,  C«Ha 288  288.5 

Chlorbenzene,  CflHjCl 359 . 7  360 

Ethylacetic  acid,  CH8COOC2H5.  . . .  250.5  251 

Ethyl  ether,  (C2H5)20 191. 8  194.5 

Carbon  tetrachloride,  CCI4 282 .  i  283 . 2 

Paraldehyde,  CflHiaOj 310 -5 

*  The  calculated  value  here  does  not  account  for  the  dissociation  into  aNO^ 
The  value  17  x. a  is  the  critical  temperature  of  a  mixttire  of  N2O4  and  NO2. 

In  the  tables  which  follow  are  collected  some  of  the 
molecular  weights,  calculated  by  aid  of  the  surface-tension 
from  capillary  rise  and  the  Ramsay  and  Shields  formula, 
for  both  so-called  associated  and  non-associated  liquids. 
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Non-associated  Liquids. 

CS2.    Carbon  disulphide. 

I                      rCdyneepercm.)              (Afv)!.  xXM 
i9°-4                       3358                         515.4 

46°.!                       29.41                         461.4  1.07X76 

N2O4.     Nitrogen  peroxide. 
i°.6  29.52  461. Q 

19°. 8                      26.56                        423.5  1. 01X92 

SiCl4.     Silicon  tetrachloride. 
18°. 9  16.31  383.9 

45°-5                       1366                        329.8  1. 06X169. 6 

PClj.     Phosphorus  trichloride. 
16°.  4  28.71  562.3 

46°. 2                      24.91                        499-8  1. 02X137. 2 

CCI4.     Carbon  tetrachloride i  .01 X  153.6 

CoH<j.     Benzene i. 01X78 

(C2H5)20.     Ethyl  ether 0.99X  74 

C.HgCl.     Chlorbenzene i .03X 112. 4 

CeH5NH2.     Aniline i .05X93 

C5H5N.     Pyridin 0.93X79 

Hg.*     Mercury  (liquid) 171 

*  Kistjakowski,  J.  niss.  phys.  chem.  Ges.,  34.  PP.   70-90.     This  value  is 
found  from  surface-tension  assuming  the  critical  temjierature  to  be  about  7oo'C 
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Associated  Lioums  by  Formula*:— [- 


Methvl 

Ethyl 

Propyl 

Isopropyl. . . 

Butyl 

Isobutvl.  .  ■ 

Allvl.. '.'.'... 
Glycol 

Formic 

Propionic.  .. 

Buqric. . . .  . 
Isobutytic.  . 
Valerianic.  . 
Capronic.  . . 


2.35X60 
2.86X60 
1.94X74 
1.95X74 
1.97X88 
1-88X58 


;.3iXfc 
2.7^X60 
■  72X74 
1.86X74 
1.69X88 
1,86X58 
2.48X62 


?. 13X46 
3.32X60 
1.78X74 
1.73X88 


'lUM' 


1.76x74 
1.64x74 

1. 57X88 


1.77X60 
1-88X74 
i-6gX88 


WA 

TEK. 

, 

r 

nM'>)i 

.     ;rX.W 

0= 

73' 21 

502.9 

20° 

71 
70 

94 
60 

476 
466 

3 

3 

68X18 
44X18 
18X18 
13X18 
00X18 
96X18 
83X18 
79X18 

^fe 

65 

98 

4Sfi 

7 

■  1:: 

64 
62 

6a 

58 

'7 

il 

92 

446 
436 

425 

9 

3 

IS 

.30" 
140° 

55 
53 
51 
49 

35 
3" 
44 

39= 

369 
356 

3 

47X18 
47X18 
32X1S 
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FACTOft  07  ASSOCXATIOM  BY  FOSICULA  «« 

.{ip<,+^i. 

Methyl  Alcohol. 

Ethyl  AlcohoL 

Water. 

1 

m 

1 

m 

t 

m 

-89.8 

2.6$ 

-89.8 

a. 03 

0 

X.707 

+  20 

2.3a 

+  20 

1.65 

ao 

1.644 

70 

2.17 

40 

^•59 

40 

1.58a 

90 

2. II 

60 

i-Sa 

60 

I. 5*3  ^ 

ZIO 

a. 06 

80 

1.46 

80 

1.463 

130 

2.00 

100 

139 

100 

1.405 
1.346 

150 

1.89 

120 

133 

Z20 

170 

140 

1.27 

140 

z.a89 

180 

1.86 

160 

1. 21 

190 

1.83 

180 

I. IS 

200 

1. 81 

200 

1.09 

210 

1.78 

210 

1.06 

220 

I-7S 

220 

1.03 

230 

1. 00 

Measurements  have  also  been  made  by  Bottomley 
(Trans.  Chem.  Soc.  83-84,  1421-1425,  1904)  in  this 
way  of  the  factors  of  association   of  fiised   salts,  using 


the  equation  x^ 


2.12 


His  results  ait  as  follows: 


Potassium  Nitrate,  KNO3. 


( 

7 

rcMv)^ 

K 

xXM 

338 

406 

109.8 
105.8 

1571 
1539 

0.471 

9. 55X101 

349 
414 

106.4 
100.7 

IS2I 
1485 

0.584 

7. 49X101 

341 
407 

106.4 
104.6 

1551 
I519 

0.485 

9.145X101 

s_-.- 
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SODitru  Nitrate,  Na>fOs. 

t 

r 

TiMv)^ 

K 

x^M 

339 

'±i 

1374 

0.500 

8.73x8s 

3^9 
405 

110.8 
106,5 

■39B 
'369 

0.38. 

13- 13X85 

344 

Ill.O 

1403 

"■453 

10.17X85 

For  liquefied  gases  Baly  and  Donnan  (Trans.  Chem., 
''1,  907-923,  :902)  found  slightly  lower  values  for  k  than 
.12.    Their  values  are: 

t  Oxygen 1 .  917 
Nitrogen. . 2.00a 
Argon.. 


H  CarbOD  monoxide 1.096 

Oxygen  and  nitrogen  apparently  cut  the  temperature 
-ixis  at  points  which  are  practically  coincident  with  their 
critical  temperatures,  while  argon  and  carbon  monoxide 
cut  the  axis  at  temperatures  lower  than  their  critical 
values  (9"^  for  argon  and  5°  for  carbon  monoxide.) 

For  liquefied  carbon  dioxide  VerschalTelt  (Verslage  Kon. 
Akad.  van  Wetenschappen,  4,  74,  1895-96)  has  found  the 
value  ft  =  2. 222,  and  for  nitrous  oxide,  A  =  2. 198,  in  both  cases 
the  temperature  axis  being  cut  6°  below  the  critical  value. 
These  results,  together  with  the  one  for  Uquid  mercury 
given  above,  show  that  this  method  in  its  approximate 
form  (i.e.,  for  molecular  weight  determinations)  is  appli- 
cable to  all  liquids.  It  has  been  shown  by  Ramsay  to 
hold  alsp  for  liquid  mixtures. 


92  ELEMENTS  OF  PHYSICAL  CHEMISTRY. 

23a.  Calculation  of  the  molecular  weight  and  criticafl 
temperature  by  the  aid  of  the  weight  of  a  falling  drop. — 

Morgan  and  Stevenson  Qour.  Am.  Chem.  Soc.,  30, , 
360-376,  1908)  from  careful  measurements  of  the  volumes^ 
of  a  single  drop  falling  from  a  capillary  tip,  beveled  at 
an  angle  of  45°,  have  shown  that  the  weight  of  the  falling 
drop,  from  any  one  such  tip,  can  be  employed  in  place 
of  the  surface-tension  in  the  Ramsay  and  Shields  formulas 
for  the  calculation  of  the  molecular  weights  and  critical 
temperatures.  The  results  of  this  method  they  found 
to  be  considerably  better  than  those  calculated  from  the 
measurements  of  capillary  rise  by  Ramsay  and  Shields, 
and  equal  in  accuracy  to  those  from  the  capillary  rise, 
under  like,  saturated  air,  conditions,  as  found  by  Renard 
and  Guye  Q.  Chem.  Phys.,  5,  81,  1907). 

Morgan  and  Higgins  (Jour.  Am.  Chem.  Soc.  30,  1055- 
1068,  1908),  in  continuing  the  work,  were  able  to  refine  the 
method  to  such  an  extent  that  the  mean  error  of  Morgan 
and  Stevenson,  which  amounted  to  ±0.4%  to  0.5%,  was 
reduced  to  a  few  hundredths  of  1%.  Naturally,  their 
results  for  drop  weight  led  to  still  better  values  for  both 
molecular  weight  and  critical  temperature,  as  is  shown  by 
the  following  facts  brought  out  by  their  work: 

(i)  Falling  drop-weight  leads  more  accurately  to  true 
relative  surface-tension  than  does  capillary  rise,  and 
fulfills  the  equations  especially  designed  for  capillary 
rise  results  better  than  they  themselves  do. 
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I  ,(2)  The     molecular     temperature     coefficient,     k^^^p, 
SMTesponding  to  Ramsay  ajid   Shields'   k,   and  defined 
\  by  the  equation, 


where  wi  and  iv^  are  the  falling  drop  weights  at  ti  and  h, 
is  practically  invariable  (2.5694 ±0.05%,  for  a  certain 
tip),  as  against  a  mean  variation  in  k  of  ±3.2%  according 
to  Ramsay  and  Shields,  and  of  ±i.g6%  according  to 
Renard  and  Guye's  results  from  capillary  rise. 

This  constancy  in  the  value  of  Atemp.  for  all  the  non- 
associated  liqudis  used,  and  presumably  for  all  others 
as  well,  enables  one  to  calculate  the  critical  temperature 
*  of  any  non-associated  liquid  from  a  falling  drop-weight 
(from  that  tip)  at  any  one  temperature,  without  first 
finding,  as  Ramsay  and  Shields  were  forced  to  do,  the 
exact  value  of  fetamp.  for  that  specific  liquid;  for  the 
value  so  found  for  any  other  non-associated  liquid  can  be 
used.  It  also,  in  addition  to  being  simpler  experimentally, 
leads  to  more  accurate  values  of  critical  temperature,  as 
will  be  obsen,-ed  in  the  cases  of  aniline  and  quinohne  in 
the  table  below. 

Another   effect  of   the  practically   invariable  value  of 

^i«mp.i  for  all  the  non-associated  liquids,  is  to  make  the 

^^drop  method  the  most  accurate  one  known  for  the  determi- 

^faistion   of  molecular  weight,  with  the  exception  of  the 
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one  adapted  to  permanent  gases  and  dependent  upon 
the  density.  The  relation  of  the  percentage  error 'in  M 
to  the  percentage  error  in  the  k^m^^  (or  k)  bom  ^?hich 
it  is  calculated,  shows  at  a  glance  the  error  in  the  method, 
and  can  be  readily  foimd  by  differentiating  with  respect 
to  M  and  J^ump.*  ^^  above  equation  defining  the  latter, 
and  then  dividing  the  result  by  the  original  equatXHL 
Perfprming  this  operation  we  find 

M         2    ^temp. 

i.e.,  the  percenlage  error  in  M  is  3/2  the  percentage  err^r 
in  the  J^temp.  f^<>^  which  it  is  calculated.  From  the 
table  below  it  will  be  seen  that  the  difference  between 
the  highest  value  of  *temp.  (quinoline)  and  the  lowest  ' 
(carbon  tetrachloride  or  pyridine)  is  but  0,3%,  hence 
the  error  in  M  for  the  liquid  giving  the  maximum  Jkt«np. » 
when  calculated  .from  the  Jit«mp.  of  the  liquid  giving  the 
minimum  iitemp.  would  only  be  0.45%;  while  using  the 
mean  value  of  *temp.  t^he  molecular  weight  of  the  quino- 
line would  be  burdened  with  an  error  equal  to  but  ±0.2%; 
and  the  error  in  the  M  for  any  of  the  other  five  liquids 
would  only  amount  to  i  or  2  hundredths  of  1%,  either 
by  use  of  the  mean  *temp.  or  of  any  of  the  specific  values. 
In  the  following  table  is  given  a  summary  of  the  results 
of  Morgan  and  Higgins.  In  the  second  column  is  given 
the  value  of  ^temp.   ^  calculated  from  the  experimental 
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drop-weights  at  two  temperatures  (one  about  25°,  the 
other  about  75°);  In  the  third  is  the  critical  temperature 
calculated  from  the  Ramsay  and  Shields  formula,  after 
substituting  w  for  ;-;  in  the  fourth  arc  the  S  values  as 
found  by  Renard  and  Guyc,  from  the  capillary  rise 
(these  are  from  the  smoothed  curve) ;  in  the  fifth  are 
the  critical  temperatures  calculated  from  these;  and, 
finally,  m  the  sixth  are  the  experimentally  observed 
values  of  critical  temperature, 

Liiiuid.  J 

Benzene  

ChEorbeiizene 

Carbon  tetracbloride 

Pyridine _,         _,.  _,  

Aniline 2.569        42S-8         2-01         448.6        ca.    426 

Qainolinc 

The  method  in  the  form  employed  by  Morgan  and 
Stevenson,  and  Morgan  and  Higgins,  it  must  be  under- 
stood, is  most  decidedly  not  adapted  to  general  laboratory 
use,  as  are  the  vapor  density  methods,  for. example,  for  it 
requires  much  experience  and  manipulative  skill.  A 
drop-weight  method,  however,  that  is  adapted  to  such 
general  purpose^  is  shortly  to  be  described  by  Morgan 
which  leads  to  very  accurate  results,  and  is  so  simple  to 
operate  and  so  rapid  that  it  is  admirably  adapted  to 
the  needs  of  the  ordinary  worker. 


RAG 

Cril,  (emp. 

Oba 

.11 

287.7 

ca. 

357.7 

.10 

.07 

346-2 
448.6 

ca. 

.;i 

496.= 

It  has  been  shown  by  Higgins  (Jour.  Am.  Chem.  Soc. 
30,  1069-1073,  1908),  as  the  result  of  the  work  of  Morgan 
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and  Higgins,  for  a  number  of  non-associated  liquids,  that 
in  corresponding  states,  i.e.,  at  equal  distances  from  the 
boiling  point,  the  molecular  drop  volume,  from  any  one  tip, 
varies  inversely  as  the  absolute  temperature.  In  other 
words,  we  have,  similar  to  the  law  of  Trouton,*  the  relation, 


^      =  constant,  =Ab.p- 


X9 


where  M  is  the  molecular  weight,  i/pu  the  volimie  of  a 
falling  drop  from  any  one,  beveled,  tip,  at  the^  absolute 
temperature  T.  Or,  eliminating  the  constant  for  two 
liquids, 

T  and  T'  being  the  absolute  boiling-points,  and  x  (ih^ 
number  of  degrees  T  is  below  the  absolute  boiling  poin  t; 
having  any  value. 

The  values  of  the  constant  in  the  first  equation  (Xb.p.  -  ^' 
are  approximately,  i^B.p.- 0=660,  Zb.p.-  io  =  7I3>^b.p.-  ^•' 
=  766,  i^B.p.- 30=824,  -K'b.p.-4o=88o. 

T 

Since  from  the  above  ^F.D.=T7-'^B.p.-a;>  it  is  possible' 

from  the  knowledge  of  the  molecular  weight  of  a  not^' 
associated  liquid  and  its  boiling-point,  to  calculate  i^" 
drop  volume  (and  hence  its  surface-tension)  at  any  terr^' 

♦See  also  Kistiakovski  (Z.  f.  Elektrochem.,  12,  513-514,  and  6r -^' 
1906),  the  molecular  capillary  constant  (i.e.,  height  of  ascension  ^^ 
tube  of  unit  bore)  varies  with  the  absolute  boiling-point. 
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perature.    Hence  we  may  write  the  Ramsay  and  Shields 
formula, 

where  d  is  the  density  at  the  absolute  temperature  T", 
and  find  the  critical  temperature  (tH-T"— 273).  In 
addition  to  this,  it  is  possible  by  use  of  the  Nemst  equa- 
tion (see  Bingham,  Jour.  Am.  Chem.  Soc,  28,  717,  1906), 
at  the  boiling-point,  where  the  vapor-pressure  is  i  at- 
mosphere, knowing  the  critical  temperature  to  find  the 
critical  pressure,  and  then  knowing  this  to  calculate 
tile  vapor-pressure  at  any  temperature.  And  when  both 
critical  temperature  and  critical  pressure  are  known 
van  der  WaaPs  constants  a  and  b  can  be  calculated. 

In  short,  then,  it  is  possible  by  the  above  relations, 
knowing  the  density  and  the  constants,  molecular  weight, 
drop  volume,  from  any  one  tip,  at    any    temperature, 
to  find  the  critical  temperature,  critical  pressure,  vapor- 
pressure  at   any  temperature,   and  the  value    of   *'  a '' 
and  "  6." 

In  the  table  at  the  top  of  page  98  are  given  some  cal- 
culated critical   temperatures,  obtained   by   solving   the 
equation  hi   each  case    for    a    temperature    20°    below 
•  the  boiling-point  (J^B.p.-ao  =77^;  *temp.  =2.569). 

24.  The  molecular  weight  in  the  liquid  state. — It  will 
^  seen  from  what  has  been  said   above,  that  liquids 


Critical  Tmnperatun 

Boiling 
point 

Density  so* 
below  B.  P. 

c»k«^'«i  3M- 

61.2 

1.4464 

262.4          360 

132.0 

1.0063 

356. 5          360 

59-2 

1.1420* 

255-7          25s 

IIO.O 

0.7981 

320.1          321 

114. 5 

0.9067 

347.7          345 
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T  ;«i.M  Molecular 

^^^^  weight 

Chloroform 119.4 

Chlorbenzene 112. 4 

Ethylidene  chloride     98.9 

Toluene 92.0 

Pyridine 79.0 


may  be  divided  into  two  groups — those  which  are  normal, 
and  lead  in  certain  equations  to  identical,  or  nearly 
identical,  constants — and  those  which,  in  the  same 
equations,  lead  to  different  ones,  usually  variable  with  the 
temperature.  This  is  shown  very  clearly  by  the  Nemst- 
Bingham  forms  of  Trouton's  law,  by  the  relations  of 
Mills  and  Crompton,  by  the  relation  of  Young  (Phil. 
Mag.,  V,  50,  291,  1900;  that  the  ratio  of  the  actual 
density  at  the  critical  point  to  the  theoretical  density, 
as  calculated  for  a  perfect  gas,  is  the  same  for  all  sub- 
stances), by  the  relations  of  Ramsay  and  Shields,  and 
of  Morgan  and  Stevenson,  and  by  several  others. 

In  accord  with  this  difference  in  behavior  it  is  custo- 
mary to  divide  liquids  into  those  which  are  normal, 
or  non-associated  J  and  those  which  are  associaied;  the 
behavior  of  the  latter  being  assumed,  accordmg  to  the 
nature  of  the  method  used,  to  be  due  to  the  polymeriza- 
tion or  association  of  the  liquid,  or  to  the  energy  in- 
volved in  reducing  the  existing  larger  molecular  weight  • 
to  that  which  it  possesses  as  a  gas. 

Although  all  the  methods  agree,  within  their  limits 
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of  error,  in  the  selection  of  the  liquids  which  are  asso- 
ciated, only  the  relation  of  Ramsay  and  Shields  can 
be  used  to  calculate  the  extent  of  the  polymerization, 
i.e.,  of  the  factor  of  association.  And  even  the  correct- 
ness of  this  is  still  too  much  in  doubt  to  make  the  results 
more  than  a  rough  approximation  (see  Bogdan,  Zeit.  f. 
phys.  Chem.,  57,  349-356,  1906). 
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CHAPTER  IV. 


THE  SOLID   STATE. 


25.  Remarks. — ^A  solid  is  a  substance  which  pos- 
sesses a  form  of  its  own,  i.e.,  its  shape  is  not  dependent 
upon  that  of  the  vessel  in  which  it  is. 

Just  as  we  find  that  a  substance  contains  less  energy  in 
the  liquid  state  than  it  does  as  a  gas,  so  we  find  that  a 
solid  contains  less  energy  than  a  liquid,  i.e.,  in  going 
into  the  liquid  state,  it  absorbs  heat-energy. 

26.  Atomic  heat.  Law  of  Dulong  and  Petit. — The 
atomic  weight  of  all  elements  have  approximately  the 
same  capacity  for  heat,  A  few  elements  have  been  found 
to  give  diflerent  values,  but  in  general  for  all  elements 
(except  boron,  silicon,  and  carbon)  wc  find  that 

atomic  heat  =  atomic  weight  X  specific  heat  =  6.34. 

* 
This  is  the  law  of  Dulong  and  Petit. 

100 
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Lewis  (J.  Am.  Chem.  Soc,  29,  1165-1168,  1907) 
has  recently  announced  the  following  law:  Within  the 
limits  of  experimental  error,  the  atomic  heat  at  constant 
volume,  at  20°,  is  the  same  for  all  solid  elements  whose 
atomic  weights  are  greater  than  that  of  potassium,  and 
is  equal  to  5.9.  The  relation  of  this  specific  heat  at 
constant  volume  and  that  usually  experimentally  deter- 
mined, at  constant  pressure,  is  given  by  the  formula, 

TPW, 

where  T  is  the  absolute  temperature,  /?  the  coefficient 
of  thermal  expansion,  a  the  compressibility  coefficient, 
Cp  and  Cv  are  the  specific  heats  times  atomic  weights, 
and  V  the  atomic  volume,  i.e.,  atomic  weight  times 
specific  volume. 

At  first  glance  it  would  seem  that  the  law  of  Dulong 

and  Petit  would  enable  us  to  define  the  molecular  weight 

in  the  solid  state,  since  the  sum  of  the  atomic  weights, 

i.e.,    the  molecular  weight,   multiplied   by   the   specific 

heat  of  the  compound  should  give  approximately  the  same 

value  as  is  obtained  when  6.34  is  multiplied  by  the  num- 

^^  of  atomic  weights  in  the  former.     But  a  moment's 

thought  will  show  that  this  relation  is  only  of  value  in 

that  it  insures  uniformity  in  the  choice  of  the  atomic 

weight  to  be  used,  and  can  have  nothing  to  do  with 

™^8  the  molecular  weight  of  the  compoimd.    Thus 


•J 
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analysis  shows  the  existence  of  two  chlorides  of  ros^ 
cury,  the  simplest  formulas  of  which  are  HgCl  ^^ 
HgCl2,  but  the  application  of  the  law  of  Dulong  an 
Petit  does  not  enable  us  to  state  whether  the  formula 
in  the  solid  state  are  HgCl  and  HgCl2  or  Hg2Cl2  aX 
Hg2Cl4,  any  more  than  the  analytical  result  does.* 
is  only  because  the  formulas  Hg2Cl2  and  HgCl2  (n 
Hg2Cl4)  are  tound  under  certain  conditions  in  the  gaseo' 
state  that  they  are  assumed  in  the  solid  state. 

In  all  reactions  involving  solids,  then,  it  is  only  tl 
actual  weight  of  the  reacting  substances  that  is  essentia 
and  the  very  fact  that  we  cannot  define  molecular  weig 
in  the  solid  state  shows  its  utter  lack  of  chemical  > 
physical  influence.  If  this  at  any  time  should  be  change 
and  it  appear  that  the  molecular  weight  does  exert  ^ 
influence  experimentally,  naturally  all  our  difficul 
would  disappear,  for  then  a  definition  could  at  once  1 
derived  from  observations  of  this  influence. 

27.  Changes  in  the  state  of  aggregation. — ^The  mo 
important  process  concerning  solids,  for  our  purpose, 
their  formation  from  the  liquid  state,  or  the  formatic 
of  the  liquid  state  from  them. 

If  a  liquid  is  cooled  very  carefully  it  is  possible  i 
reduce  its  temperature  below  the  solidifying-point  an 
yet  have  no  solid  formed.     If  the  crystal  of  the  sut 

♦For  HgCl  we  have  (200+35.5)  0.052=12.25,  for  HgjCls  (400+71. 
o.o52»34.5;  while  2X6.34=12.68  and  4X6.34«» 25.36. 
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Stance  1?  then  thrown  in,  crystallization  takes  place 
immedlateiy,  and  the  temperature  rises  rapidly  to  the 
true  solidifying-point.  Besides  this  change  in  tempera- 
ture  we  have  also  one  in  volume,  since  the  specific  volume 
in  the  one  state  differs  from  that  in  the  other. 

Wlicn  a  gas  condenses  and  goea  into  the  liquid  state 
heat  is  given  off.  In  the  same  way  heat  is  also  given 
off  when  a  solid  is  formed  from  a  liquid,  and  this  is  the 
cause  of  the  rise  in  the  temperature  spoken  of  above. 
The  heat  which  is  liberated  by  a  liquid  solidifying  (or 
absorbed  by  a  solid'  liquefying)  is  called,  for  i  gram 
of  substance,  the  latent  heat  of  solidification  {or  fusion). 
This  heat,  referring  to  i  mole  of  substance  (heat  for 
"^^  molecular  weight),  is  called  the  molecular  heat  of 
^^^idification  (fusion).  The  effect  of  pressure  upon  the 
^lidifying-point  may  be  derived  by  the  consideration  of 
^  thermodynamic  cycle,  just  as  we  did  for  liquids,  p.  73. 

Starting  with  i  gram  of  a  liquid  at  the  temperature  T, 

^^Cupying  the  volume  v,  and  under  its  own  vapor-pres- 

^^e  Pj  cool  JT^,  i.e.,  to  T  —  AT  and  assume  it  to  be 

^^pletely  transformed  into  the  solid  state.    During  this 

^-^C)cess  an  amount  of  heat  equal  to  w^  calories  at  the 

^^perature   T—AT  will  be  evolved,  the  volume  will 

^*^ange  from  Vi  to  v«,  the  vapor-pressure  from  p  to  p  —  Ap, 

^d  an   amount  of  work  equal  to  {vi—Vg)(J>  —  Ap)  will 

^  involved. 

Now  heat  the  solid  thus  obtained  to  T^  and  allow  it 
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to  melt  at  the  pressure  p  to  form  the  Qriginal  vcdume  % 
This  change  in  volume  will  be  the  same  as  the  previous 
one^  except  that  it  has  the  opposite  sign.  Tl^e  heat,  v, 
involved  at  7^,  however,  will  be  diflferent  from  that 
previously  involved  at  T  —  JT,  and  the  diflference  will 
be  equivalent  to  the  total  amoimt  of  external  work  done 
by  or  upon  the  system.  The  work  diuing  this  stage  will 
be  pivi-Vt).  The  total  work  of  the  whole  process,  i.e., 
after  the  original  state  is  once  more  attained,  is  ^^(vj— vj, 
i.e.,  p{vi—v,)  —  {p  —  Jp){vi—Vt)f  and  consequently  by 
the  second  law  (pages  58-59),  since  w  is  the  heat  avail- 
able at  r°  to  do  work. 

Ap{vi-v^     AT 
w        ^  T' 


or 


Ap  w  AT     Tivi—Vg) 

or 


AT    T{vi-Vs)  Ap  w       , 

Vi  being  the  si)ecific  volume  of  the  liquid,  v,  that  of 
the  solid  substance,  and  w  the  latent  heat  of  fusion  for 
1  gram  at  7^. 

This  formula  is  not  only  of  use  in  case  of  a  change 
in  the  state  of  aggregation,  but  also  for  any  reversible 
change,  for  examj)le,  that  taking  place  between  allotropic 
forms  of  the  same  substance.  Thus  at  95°.6  C.  the 
rhombic  form  of  sulphur  is  transformed  into  the  mono- 
clinic  form.  The  reaction  is  j)erfectly  reversible,  an  in- 
crease of  heat  increasing  tlie  amount  of  the  monoclinic 
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form,  a  decrease  increasing  tl^at  of  the  rhombic.  The 
change  in  volume  being  0.014  cm.  and  the  heat  of  trans- 
formation 2.52  cals.,  both  per  gram,  we  have, 

dT     TAv     (273+95.6)0.000014 


Jp       w  2.52X0.041 


=0  .05  peratmos. 


where  the  term  w  is  transformed  into  liter-asmosphere 
V   into  liters,  and  the  result  given  in  degrees  per  atm<k 
phere;  i.e.,  an  increase  of  pressure  of  i  atmosphere  in- 
creases the  transformation  temperature  by  o°.o5,  a  result 
W'hich  agrees  well  with  the  experimental  value. 

If  the  specific  volume  of  the  solid  is  greater  than  that 
^f  the  liquid,  i.e.,  if  the  solid  floats  upon  the  liquid  (ice  in 
^^ter),  the  freezing-point  will  be  depressed  by  pressure. 
■*^>  on  the  other  hand,  the  specific  volume  of  the  solid  is 
^^ss  than  that  of  the  hquid,  i.e.,  if  the  solid  sinks,  the 
^lidifying-point  will  be  raised  by  increased  pressure.     In 
^e  former  case  the  pressure  will  tend  to  keep  the  sub- 
stance in  the  liquid  form,  since  that  has  the  smaller  volume, 
^d  a  lower  temperature  will  be  necessary  to  produce  the 
••olid.    In  the  latter  case  the  formation  of  the  solid  will  be 
aided  by  the  pressure,  and  consequently  the  temperature 
need  not  be  lowered  to  such  an  extent.     This  is  simply 
another  application    of   the    principle    of   Le    Chatelier 

(page  33)- 

The  actual  effect  of  pressure  upon  the  solidifying-point, 
however,  is  not  large.    Thus  an  increase  of  pressure  up 
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to  8.1  atmospheres  depresses  the  freezing-point  of  water 
but  0.059°  C. 

The  above  equations  give  us  also  the  heat  of  subli- 
mation, i.e.,  of  the  direct  transition  from  the^solid  to  the 
gaseous  state,  if  the  volumes  represent  those  of  solid  and 
gas;  or  the  volume  of  gas  alone  may  be  used  by  substitut- 
ing for  V  the  value  found  from  pV=RTy  changing  w  to 
Mw,  i.e.,  the  gram  heat  to  the  molecular  heat,  and  v  to 
Mv  =  V. 

The  sublimation-pressure  of  a  solid  is  to  be  considered 
just  as  the  vapor-pressure  (i.e.,  evaporation-pressure)  of 
a  liquid.    It  is  noticed  that  some  solids  sublime  while 
others  melt  and  evaporate.    The  reason  for  this  difference 
is  the  fact  that  when  the  sublimation-pressure  exceeds 
the  pressure  of  the  atmosphere  sublimation  takes  place 
and  thus  keeps  the  solid  from  melting.     When  heated 
in  closed  vessels,  however,  the  pressure  becomes  great 
enough  to  prevent  continuous  sublimation,  so  that  after 
a  small   portion    sublimes  and  raises  the  pressure,  the 
remainder  will  melt.    This  can  be  shown  experimentally 
by  heating  iodine,  which  usually  sublimes  and  does  not 
melt,  under  sulphuric  acid,  the  pressure  of  whicli  prevents 
sublimation  and  allows  fusion  to  take  place. 

Since  at  the  solidifying-  or  freezing-point  the  solid 
and  liquid  exist  in  contact  in  all  proportions,  the  vapor- 
pressure  of  the  solid  must  be  equal  to  that  of  the  liquid, 
both  at  the  same  temperature.    That  this  must  be  so 
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follows  from  the  following  process :  Imagine  in  the  annular- 
shaped  vessel,  Fig.  4,  water  at  6,  ice  at  a,  and  the  vapor 


Fig.  4. 

of  the  two  at  c:  all  being  at  the  temperature  of  o°C. 
If  the  vapor-pressure  over  the  water  at  h  is  greater  than 
that  over  the  ice  at  a,  a  distillation  from  h  io  a  must  take 
place.  By  the  evaporation  at  b  heat  will  be  absorbed, 
and  by  the  condensation  of  this  vapor  to  ice  at  a,  under 
the  diminished  pressure,  heat  will  be  liberated.  A  layer 
of  ice  will  thus  be  formed  at  6,  while  the  heat  liberated 
will  melt  an  amount  of  ice  at  a.  We  would  have,  then, 
an  exchange  of  heat  at  the  same  temperature.  If  this 
were  possible,  perpetual  motion  would  be  possible;  since, 
however,  the  latter  is  impossible,  the  vapor-pressure  of  the 
solid  must  be  the  same  as  that  of  the  liquid,  both  having 
the  same  temperature. 

The  latent  heat  of  fusion  of  a  solid  varies  with  the 
temperature  just  as  does  that  of  evaporation,  and  the 
expression  for  it  may  be  derived  in  a  similar  manner. 
The  difference  in  the  external  work  involved  in  these 
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changes  is  so  slight  that  we  may  consider  them  equal, 
(i)  One  gram  of  solid  is  allowed  to  melt  at  its  fusion 
temperature  T  by  which  the  heat  absorbed  is  Wt,  and 
the  resulting  liquid  heated  to  T-\-ty  which  absorbs  the 
heat  cit,  (2)  The  gram  of  solid  is  first  heated  to  T+Z, 
which  absorbs  the  heat  cj^  and  then  allowed  to  melt, 
absorbing  the  heat  Wt-^i-  Since  the  loss  in  energy  by 
the  two  processes  must  be  the  same,  wc  have 

and 


ci-t,= 


AT' 


The  latent  heat  of  fusion  increases  per  degree,  around 

a  certain  temperature,  by  an  amount  equal  to  the  specific 

heat  as  a  liquid  minus  the  specific  heat  as  a  solid,  both 

at  that  temperature. 

By  this  we  see  that  if  the  specific  heat  of  the  solid  is 

larger  than  that  of  the  liquid  state,  the  heat  of  fusion 

decreases  with  increasing  temperature. 

dw 
In  the  case  of    H2O  ci  =  i,  Cs  =  o.^\    hence  -7^  =  0.5, 

i.e.,  the  heat  of  fusion  changes  by  0.5  cals.  for  a 
change  in  temperature  of  1°.  In  this  case  there  is  a 
decrease  in  heat  with  a  decrease  of  temperature,  i.e., 
temperature  and  heat  increase  together.     If  the  sign  of 

Aw 


AT 


were  minus  this  relation  would  be  just  the  contrary. 
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and  the  heat  would  decrease  with  an  increase  in  tempera- 
ture. 

The  latent  heat  of  fusion  for  water,  then,  is 

w„,=8o+o.5/. 

Thus  when  freezing -at  —4°,  caused  by  pressure  of  530 
atmospheres,  z£;w  =  78. 

From  the  relation  AT{ci—c^=^A'w  we  can  find  the 
change  in  temperature  necessary  to  reduce  the  latent 
heat  of  fusion  to  zero,  i.e.,  the  temperature  at  which  it 
passes  through  the  value  zero  and  changes  its  sign.  Thus 
for  water,  since  2«;=8o  at  0°,  it  would  be  necessary  to 
lower  the  temperature  of  solidification  Jr=i6o°  to  get 
zero  heat  of  fusion,  i.e.,  to  make  dw  equal  to  80°,  for 

lammann  (Kristallisieren  und  Schmelzen,  p.  45)  gives 
^  list  of  absolute  temperatures  at  which  w/  becomes  zero, 
^h-ich  are  derived  in  this  way.  Thus  we  have,  for 
^^ample, 

(3.,u.4^o«/.A  Absolute  temperature 

Substance.  ^^  ^^^^^  ^„  ^ 

Naphthalene 38 

NajSjOa-sHaO... 15 

Phosphorus 131 

CaCl2-6H20 113 

Diphenylamine 130 

The  variation  in  the  latent  heat  of  sublimation  with  the 
temperature  can  be  calculated  by  the  formula  used  for 
the  variation  of  the  heat  of  vaporization,  the  specific  heat 
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of  the  solid  being  substituted    for  that  of  the  liquid 

(76). 
Although  in  the  derivation  on  page  103  we  assumed  that 

all  the  liquid  solidifies  at  the  temperature  T—JT,  this 

could  not  happen  instantaneously.    There  is,  in  fact,  a 

definite  relationship  between  the  number  of  degrees  of 

overcooling  and  the  fraction  of  liquid  which  as  a  result 

separates  at  once  to  form  solid.    That  this  must  be  so 

is  obvious  after  a  moment's  thought    Since  the  freeang- 

point  of  a  liquid  is  that  point  at  which  solid  and  liquid 

can  exist  together  m  all  proportions,  it  miist  be  the  final 

point   attained   after  any  overcooling  which  leaves  a 

portion  of  the  liquid.    According  to  this,  then,  only  as 

much  solid  can  separate  after  a  definite  overcooling  as 

will  just  bring  the  system  from  its  overcooled  point  to 

its  freezing-point;  in  other  words,  the  heat  evolved  must 

be  equal  to  the  heat  necessary  to  raise  the  temperature 

of  the  system  to  the  freezing-point.    If  /  is  the  fraction 

of  I  gram  of  liquid  which  is  separated  as  solid,  the  heat 

evolved  will  be  fit/,  while  the  heat  necessary  to  raise  the 

system  to  be  freezing  point  is  cJL    We  must  have,  then, 

or 

The  term  c  here,  although  referring  in  reality  to  the  aver- 
age specific  heat  of  the  system  liquid-solid  between  the 
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temperatures  /  and  M  may  be  replaced  by  the  specific  heat 

of  the  liquid  a;t  the  freezing-point  ci\  and  w\  which  really 

refers  to  the  latent  heat  at  the  temperature  t  —  At  may  be 

teplaced  by  the  latent  heat  at  /°,  w.    This  possibility  is 

due  to  the  fact  that  the  change  in  the  specific  heat  of  the 

system,  as  well  as  the  variation  in  the  latent  heat  per 

degree,  depends  upon  the  specific  heats  in  the  two  states, 

c 

so  that  the  ratio  — :  remains  constant  no  matter  what  the 

w 

.   amount  of  liquid  transformed  into  the  solid  state.    If, 

for  example,  the  fraction /of  liquid  solidifies,  owing  to  the 

.  overcooling  J/,  we  have  as  specific  heat  of  the  system 

.  (i-Oq+^<^«>  and  the  heat  necessary  to  raise  it  i/°  is 

^4(i~/)q+A«].    The  heat  delivered  by  the  system  at 

^-^/,  however,  according  to  page  io8,  \sf[w  —  M{ci—c^] 

cals.,  where  w  is  the  heat  of  fusion  a  /°,  and  /  is  the  frac- 

tion  of  the  amount  of  liquid  which  becomes  solid  and  thus 

,    gives  out  /  times  w  cals.     The  heat  delivered  by  the 

\    solidification  at  t  —  At  must  be  just  sufficient  to  raise  the 

temperature  A(^  to  /,  hence  we  have 

.     ^d)  by  simplification, 

c 

The  fraction  of  liquid  separating  as  solid  is  equal  to  the 
o^gTees  of  overcooling  multiplied  by  the  specific  heat  of 
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the  liquid  over  the  latent  heat  of  fusion^  both  at  the  fusion 
emperature.    The  specific  heat  in  the  liquid  state  and  tb^ 
latent  heat  at  the  freezing-point  may  thus  be  used  througb"" 
out  to  give  the  fraction  of  liquid  separated.    A  sped: 
example  will  perhaps  make  this  clearer.    For  water 
have  c/  =  I,  ^,=0.5,  while  w  at  0°  is  80  cals.    When  ov< 
cooled  to  —10°  C.  how  much  of  the  liquid  is  separated 
as  ice? 

i.e.,  125  grams  of  liquid  from  each  liter  will  solidify, 
check  this  value  we  shall  calculate  the  specific  heat 
the  system  and  see  that  the  amount  of  heat  given  out 
— 10°  is  just  sufficient  to  raise  the  temperature  to  0°. 

specific  heat  of  the  system  is  (i  — J)!  "•"J  X-S,  i.e.,      — 

The    latent    heat    at    —10°  is    (80  — 10X0.5)  =75    ca- 
The  ratio,  specific  heat  to  latent  heat,  then,  as  before,       ^^ 

7:5 
8       I 


75      80 

If  a  large  amount  of  liquid  solute  is  present,  Ci  in 
above  equation  must  represent  the  specific  heat  of 
solution.     This  can  be  found  from  the  relation, 

^  W'g't  solute  Xr^oiute  +W^g't  solvent  XCgplvent 

^aoiution  -  ^,g,^  solvent + w'g' t  solute 
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For  Strong  solutions,  we  have 
while  for  weak  solutions, 


w 


By  the  law  of  the  conservation  of  energy  the  heat  of 
sublimation  (pp.  106  and  109)  at  the  melting-point  must 
naturally  be  equal  to  the  sum  of  the  heat  of  fusion  and 
the  heat  of  evaporation,  i.e.,  the  same  energy  diflFerence 
naust  exist  between  solid  and  gas,  whether  the  solid  goes 
directly  into  gas,  or  first  into  liquid  and  then  into  gas, 
so  long  as  the  temperature  is  the  same.    We  have  then, 

%  since  for  Mw  we  have  Mvg  =  Vg, 

wheire  p  is  the  vapor-pressure  of  the  solid. 
But 

JP 

uwxt  P  is  the  vapor-pressure  of  the  liquid. 
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By  combiiiation,  then,  we  obtain,  by  aid  of  (i), 

^ere  ^  is  the  vapor-pressure  for  both  liquid  and  solid 
at  the  melting-point.  As  an  example  of  the  use  of  this 
fonnula  we  shall  calculate  the  difference  in  the  tem- 
perature coefficients  of  the  vapor-pressure  in  the  solid 
and  liquid  states.  For  benzene  at  the  fusk>n  temperature  • 
5^.6  the  heat  of  fusion  is  30.18  cals.  and  p  is  equal  to  35.5 
mm.9  and  we  have 

Ap     AP    30.18X35-5X78    ^„o„„ 
7f"2r=    2(273+5.6)2    -°-S38mm. 

while  by  experiment  it  is  found  to  be 

Ap     AP  ^ 

j^-jj,= 2.428- 1.905  =0.523  mm. 

The  variation  in  the  heat  of  sublimation  with  the 
temperature  can  be  found  readily  from  the  above  rda- 
tions,  remembering  that 

-j^==Q  — Cg    and      jr^-=(^p  —  ci, 

as  follows: 

AWg     Awf     Awg  ' 
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The  variation  of  the  heat  of  sublimation  per  degree  is 
eqtidl  to  the  difference  between  the  specific  heats  as  a  gas 
and  as  a  solid.    This  relation  can  also  be  derived  directly 
from  a  thermodynamic  cycle  as  were  those  for  evapo- 
ration and  fusion  (pp.  74  and  108). 


CHAPTER  V. 
THE  PHASE  RULE  .♦ 

28.  Object  of  the  phase  rule. — ^Thus  far  we  have  con 
sidered  the  three  possible  states  of  aggregation,  gasef 
Uquids,  and  solids,  as  systems  existing  alone,  and  at  mos 
have  studied  the  quantitative  relations  of  these  as  suet 
and  their  mutual  transformations  the  one  into  the  othei 
Although  all  the  quantitative  relations  possible  are  thu 
expressed,  there  are  certain  further  qualitative  relations 
regulating  the  equilibrium  existing  between  the  states 
which  have  not  been  touched  upon.  These  relations  ar 
summed  up  in  the  phase  rule,  as  derived  by  Willard  Gibbs 
which  is  the  subject  of  this  chapter. 

In  order  to  understand  quite  clearly  the  object  of  thJ 
rule,  the  following  systems  may  be  considered:  Whe 
water  is  placed  in  the  Torricellian  vacuum  of  a  barometc 
the  mercury  is  depressed  and  the  depression  increase 
with  the  temperature  of  the  water.  At  any  one  tempers 
ture,  however,  the  pressure  is  independent  of  the  amou^ 

« 

of  water  present.     Water  and  its  vapor,  then,  can  e^ 

*  For  further  details  on  this  subject  see  Findlay's  "The  Phase  K^ 
and  its  Applications,"  of  which  I  have  made  free  use  in  this  Chapter. 
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permanently  side  by  side,  i.e.,  in  equilibrium  when,  at  a 
given  temperature,  the  pressure  has  a  definite  value.  If 
a  salt  solution  is  substituted  for  the  water,  however, 
the  relation  is  different.  It  is  true  that,  an  increase  of 
temperature  still  increases  the  pressure;  but  the  pressure 
is  no  longer  independent  of  the  volume,  for  the  greater 
the  volume  (i.e.,  the  greater  the  amount  of  water  forming 
water- vapor),  the  smaller  is  the  pressure.  The  presence 
of  solid  salt,  however,  in  contact  with  the  solution,  causes 
the  pressure  to  remain  constant,  irrespective  of  the 
actual  volume. 

Further,  by  cooling  water  ice  is  formed,  and  so  long  as 
this  is  present  with  the  water  the  application  (or  removal) 
of  heat  varies  neither  the  temperature  nor  the  vapor- 
pressure  of  the  system.  Thus  it  is  only  at  one  definite 
pressure  and  one  definite  temperature  that  ice,  water  and 
Water-vapor  can  exist  together  in  equilibrium.  In  the 
^^  of  a  salt  solution,  on  the  other  hand,  we  may  have 
^^e  in  contact  with  the  solution  at  different  temperatures 
and  pressures. 

The  phase  rule  enables  us  to  decide  the  necessary  con- 
ditions for  equilibrium  in  cases  of  this  sort,  as  well  as  in 
^  others  where  an  analogous  equilibrium  is  possible. 

29.  The  phase  rule, — Before  formulating  the  law  itself 
It  will  be  necessary  to  define  the  terms  used  by  it.  A 
^we  is  a  physically  distinct,  homogeneous  and  mechanic- 
%  separable  portion  of  the  system;  it  need  not,  however, 
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be  chemically  simple.  A  gaseous  miztuie  or  a  sdutbn 
may  form  a  phase;  but  a  heterogeneous  mixture  of  sdids 
represents  as  many  phases  as  there  aie  substances  present 
The  dissociation  of  calcium  carbonate  thus  gi^es  tvo 
solid  phases,  calcium  carbonate  and  ralrium  oxide,  and 
one  gaseous  phase,  carbon  dioxide.  It  is  to  be  remembered 
that  but  one  gaseous  phase  may  be  present,  for  all  gases 
are  miscible  in  all  proportions.  The  comfaneMis  of  a 
system  are  those  constituents  which  in  concentration  can- 
undergo  independent  variation  in  the  different  phases. 
Thus,  in  the  above  example,  water,  not  hydrogen  and 
oxygen,  is  the  component;  and  althou^  raldum  carbonate^ 
oxide  and  carbon  dioxide  are  constituents  of  the  equilib- 
riiun,  only  two  need  be  considered  as  componmts,  for  the 
amount  of  the  other  is  not  independent  of  t&e  amounts  of 
these,  but  dependent  according  to  the  chemical  reaction 

CaC03=CaO+C02. 

Thus  taking  CaO  and  CO2  as  the  components,  the  compo- 
sition of  each  phase  can  be  easily  expressed. 

In  general,  the  components  are  to  be  chosen  from  the 
constituents  at  equilibrium,  and  are  chosen  as  the 
smallest  number  of  independently  variable  constituents 
necessary  to  express  the  composition  of  each  phase  par- 
ticipating in  the  equilibrium,  zero  and  negative  quantities 
of  the  components  being  permissible. 

The  degree  of  freedom  is  the  number  of  variable  factors, 
temperature,    pressure   and   concentration   of   the   com- 
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ponents  which  must  be  arbitrarily  fixed  in  order  that  the 
condition  of  tlie  system  may  be  perfectly  defined.  Thus 
a  gas  has  two  degrees  of  freedom,  for  it  is  necessary  to 
fix  two  of  the  conditions,  temperaiure,  pressure  or  volume, 
to  define  it;  a  liquid  and  its  vapor  has  but  one,  for  equi-, 
librium  at  a  certain  temperature  exists  only  at  a  certain 
pressure;  while  a  system  of  a  liquid,  its  solid  and  gas, 
has  no  degree  of  freedom,  for  equilibrium  can  only  exist 
at  a  certain  temperature  and  pressure,  for  otherwise  one 
of  the  phases  will  disappear. 

Gibbs'  phase  rule  defines  the  condition  of  equilibrium 
by  the  relation  between  the  number  of  coexisting  phases 
and  components.  According  to  it  a  system  made  up  of  n 
components  in  n  +  2  phases  can  only  exist  when  pressure 
temperature  and  composilion  have  definite  fixed  values- 
a  system  0}  n  components  in  n  + 1  phases  can  exist  so  long 
as  only  one  of  the  jactors  varies;  and  a  system  of  n  com- 
ponents in  n  phases  can  exist  while  two  0}  the  factors  vary. 
Jn  other  words,  the  degree  a}  freedom  is  expressed  by  the 
equation 

P+F  =  C+2,    or    F^C+2~P 

where  P  designates  the  number  of  phases,  C  the  number 
of  components,  and  F  the  degree  of  freedom. 

Since  in  the  equilibrium  of  CaCOa  we  have  two  com- 
ponenls  (CaO  and  C02>  and  three  phases  (two  solid, 
CaO  and  CaCOj,  and  1  gaseous,  COj)  the  degree  of 
&eedom  is  2  +  2—3  =  1.     This   is  a   uni«-ariant  system, 


J 
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then,  just  as  water  and  water- vapor  (i.e.,  /^=i-l-2  — 2  =  1) 
and  so  in  each  we  have  a  definite  pressure  for  each  tem- 
perature within  certain  hmits.  This  formula  for  the 
degree  of  freedom  is  used  as  a  system  of  classification 
for  equilibria,  and  accordingly  we  have  invariant,  uni- 
variant,  bivariant,  multivariant  systems,  the  members  of 
each  group  behaving  similariy. 

30.  Derivation  of  the  phase  ruk. — Although  this  deri- 
vation is  not  the  original  one  of  Gibbs,  it  may  serve  to 
show  how  such  a  relation  can  be  deduced  without  hy- 
pothesis and  solely  by  mathematical  reasoning. 

Imagine    an    invariant    equiUbrium    consisting    of    y 
phases  of  n  components.      Consider  one  phase  alorie- 
This  phase  will  contain,  then,  a  certain  amount  of  3^1 
the  w  components.     It  may  be  a  gas  or  a  liquid,  for  3-13 
components  go  into  the  gaseous  form  and  into  solution 
at  least  to  a  slight  extent. 

In  this  phase  which  we  are  considering  let  the  conc^'^' 
trations  of  the  n  components  be  C1C2  .  .  .  Cn.  Sin.^^ 
the  equilibrium  is  invariant,  the  composition  of  tl^^^ 
phase  will  be  altered  by  a  change  of  concentratioi^j 
temperature,  or  pressure  of  the  system.  A  change  ^^ 
one  of  these  will  cause  a  corresponding  change  in  tb^ 
other  two.     This  we  may  express  by  the  equation 

/(C1C2  .  .  .  Cn,  p,  T)=o, 

where  /  is  any  function  of  the  variables. 


I™'  THE  PHASE  RULE.  lai 

The  composition  of  one  phase,  however,  detennines 
that  of  all  others  which  are  in  equilibrium  with  it;  for 
all  phases  which  are  in  equilibrium  with  one  must  be 
in  equilibrium  with  each  other,  and  rtiis  is  only  possible 
for  a  certain  ratio  of  concentration  between  the  con- 
stituents. Thus  for  a  certain  liquid  phase  we  have  a 
certain  gaseous  one  in  equihbrium  with  it  and  perhaps 
a  solid.  It  follows,  then,  that  the  composition  of  all 
tile  phases  is  a  certain  function  of  the  same  variables. 
For  each  phase,  then,  we  have  an  equation  of  the  form 

/(C1C2  .  .  .  Cn,p,  T)=o. 

Since  there  are  y  phases,  we  must  have  y  equations 
"'  this  form.  There  are,  however,  n  +  2  variables  in 
each  equation,  so  that  if  y  =  n  +  2,  i.e.,  if  we  have  two 
'"ore  phases  than  components,  we  may  find  a  certain 
"^finite  value  for  each  unknown  quantity,  since  we  have 
'"e  same  number  of  equations  as  of  unknown  quantities, 
^n  this  case  there  is  only  one  value  for  each  C1C2  .  .  .  c„, 
P'  and  T  at  which  the  system  may  exist  in  equilibrium, 
""en  n  components  are  present  in  n-i-2  phases  we  have 
^t'iUibrium  only  jor  a  cert/fin  temperature,  a  certain  pres- 
^^^^,  and  a  certain  r(mo  0}  concentration  of  the  single 
pAojej,  i,e.,  n  +  2  ptoses  0/  «  components  can  only  exist 

**  certain  point  (dansition  point)  in  a  system  oj  coordi- 


^■.  one  of  thesa  vs 


values   is  changed,   then   one   phase  | 
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disappears  entirely,  and  we  have  w+i  phases  of  n  com- 
ponents. In  this  case  there  will  be  w+2  variables  (un- 
known quantities)  in  w+i  equations;  hence  it  is  not 
possible  to  find  an  absolute  value  for  any  one.  We  find, 
however,  relative  values  of  the  w  +  2  variables  C1C2  .  .  .  Cn, 
p,  T,  i.e.,  for  each  value  of  T  we  have  only  a  certain  value 
of  p  and  of  each  of  the  terms  C1C2  .  .  .  Cn  at  which 
equiUbrium  can  exist.  It  is  necessary  to  have  ai  least  n 
components  present  in  order  that  a  system  containing 
n  + 1  phases  may  exist  as  a  univariant  equilibrium. 

Where  we  have  w-l-i  phases  of  n  components,  and  the 
conditions  are  altered,  one  phase  disappears  and  we  have 
n  phases  (equations)  and  w  +  2  variables  (unknown 
quantities),  i.e.,  the  composition  of  the  phases  is  uncertain 
and  we  have  a  divariant  equilibrium.  Such  a  one  is  a 
mixture  of  water  and  alcohol,  i.e.,  two  components  in 
two  phases,  liquid  and  gas.  At  a  low  temperature  we 
shall  have  a  univariant  equilibrium,  for  ice  is  formed 
and  two  components  are  present  in  three  phases. 

31.  The  equilibrium  of  water  in  its  phases. — Solid 
Solutions  and  Compounds. — Fig.  5  gives  the  curves  for 
water  when  plotted  in  a  system  of  coordinates  of  which 
the  abscissae  are  temperatures  and  the  ordinates  are 
pressures — in  other  words,  the  pressure  curves  for  water 
and  ice,  and  the  p,t  curve  for  water-vapor.  Along  the 
curve  WV  liquid  and  gas  form  a  univariant  equilibrium. 
The  curve  IV  is  made  up  pf  the  values  at  which  gas  and 
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solid  can  exist  in  iinivariant  equilibrium,  i.e.,  it  is  the  vapor- 
pressure  curve  for  ice.  The  curve  IW  represents  the  con- 
ditions for  the  coexistence  of  water  and  ice.  As  the  freez- 
ing-point is  but  slightly  influenced  by  pressure,  this  curve 


IW 


wv 


IV    i 


e 


Fig.  5. 


forms  only  a  slight  angle  to  the  axis  of  pressures  (i  atm:.s.  = 
depression  of  0.00752°). 

The  point  in  which  the  three  curves  intersect  is  the 
transition-point,  i.e.,  the  triple  point  in  which  all  three 
phases  can  exist  in  equilibrium.  This  is  at  0°  the  pres- 
sure being  4.6  mm.  of  Hg. 

If  we  start  with  the  system  containing  water  and 
vapor  (i.e.,  down  the  curve  TTF)  in  a  closed  vessel  from 
which  heat  can  be  absorbed  the  point  of  intersection 
will  be  reached,  part  of  the  water  will  freeze,  and  we  shall 
have  three  phases  of  one  substance,  i.e.,  the  transition- 
point.  If  the  temperature  is  still  decreased  either  the 
liquid  or  the  gaseous  phase  will  disappear.  Which  of 
these  depends  upon  the  ratio  of  volume.  If  the  volume 
of  vapor  i^  great  enough,  all  the  liquid  will  freeze  and 
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the  curve  IV  will  be  followed.  On  the  other  hand,  i^ 
the  volume  of  liquid  is  large  all  gas  will  disappear  an^ 
the  curve  IW  will  be  produced,  for  the  amount  of  ice 
which  separates  will  increase  the  pressure  and  thus  caiise 
all  the  gas  to  condense. 

In  a  system  of  coordinates,  then,  a  divariant  equilib- 
Hum  is  represented  by  a  surjace,  i.e.,  W,  F,  and  I;  ^ 
univariant  equilibrium  by  a  line,  as  WV,  IW,  and  iVi 
and  an  invariant  equilibrium  by  a  point,  as  O. 

Solid  Solutions  and  Compounds. — Assume  we  dis- 
solve two  salts,  incapable  of  reacting,  in  an  amoimt  of 
water  too  small  to  completely  dissolve  either;  ammo- 
nium chloride  and  ammonium  nitrate,  for  example- 
We  would  have,  then,  three  independent  components 
and  three  phases  (the  two  salts  and  the  solution),  i.e.,  ^ 
bivarient  system  and  equilibrium  can  exist  under  any 
pressure  at  every  temperature,  when  it  is  once  estab- 
lished at  a  given  temperature.  And  the  solution  satu- 
rated with  each  of  the  two  salts  should  have  a  perfectly 
definite  composition,  independent  of  the  amoimts  of  the 
salts  and  of  water. 

Using  potassium  sulphate  and  ammonium  sulphate, 
however,  these  relations  are  not  observed;  the  composi- 
tion of  the  solution  at  equilibrium  depends  upon  the 
relative  amounts  of  the  two  salts  and  water  that  have 
been  mixed.  The  addition  of  one  or  the  other  of  the 
two  salts  causes  the  solution  to  become  enriched  rela- 
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lively  in  amount  of  the  salt  added,  and  poorer  in  the 
other  salt.  This  is  the  behavior  of  a  multivariant  system, 
three  components  in  two  phases,  i.e.,  the  number  of 
phases  can  only  be  two;  the  two  isomorphous  salts  must 
form  mixed  crystals,  or  a  solid  solution  and  act  together 
as  a  single  phase. 

Suppose  ammonia  gas  is  absorbed  by  a  solid.    Does 
the  ammonia  form  with  the  solid  a  definite  compound 
or  a  solid  solution?    If  a  compound  is  formed  we  must 
have  three  phases:  ammonia  gas,  the  solid,  and  the  com- 
pound.   The  system  would  then  be  imivariant,  and  for 
each  temperature  T  there  must  be  a  definite  dissociation 
pressure  P.    If  ammonia  gas  is  removed,  more  of  the 
compound  will  dissociate  and  restore  the  value  P.     A 
fixed  dissociation  pressure,  then,  characterizes  the  presence 
^f  d  compound;   an  example  of  this  is  ammonia  with  the 
solid  metallic  chlorides.    If  a  solid  solution  of  gas  and 
solid  had  been  formed  the  behavior  would  have  been 
^uite  diflFerent.     The    system    formed    of    two    phases, 
ammonia  gas  and  the  solid  solution,  is  bivariant;  at  a 
smgle  temperature  T  the  system  will  be  in  equilibrium  for 
^  infinite  number  of  pressures  of  ammonia  gas,  will 

• 

Increase  on  addition  of  ammonia  and  decrease  on  the 
removal  of  ammonia.  The  absence  of  a  fixed  dissociation 
P^^ssure  characterizes  the  pressure  of  a  solid  solution. 
^  example  of  this  is  ammonia  gas  and  solid  carbon. 
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32.  The  phase  rule  and  the  indentificatioii  of  basic 
salts. — ^An  exceedingly  clever  and  most  important  appli- 
cation of  the  phase  rule  to  inorganic  chemistry  has  been 
made  by  Miller  and  Kenrick.*  In  the  identification  of 
basic  salts  we  have  a  problem  which  up  to  the  present 
has  seemed  utterly  impossible  of  accurate  solution.  By 
the  application  by  Miller  and  Kenrick  of  the  phase  rule, 
however,  a  great  field  is  opened  up  and  there  seems  to 
be  no  reason  now  why  this  subject  should  not  be  re- 
moved entirely  from  the  position  of  mystery  which  it 
has  occupied  in  the  past.  Naturally  analysis  alone  can- 
not give  much  aid  in  an  investigation,  for  by  it  it  is  not 
possible  to. tell  whether  a  chemical  individual  is  present 
or  a  mixture  in  varying  amounts  of  two  or  more  chemi- 
cal individuals. 

Applying  the  phase  rule  to  the  formation  of  basic  salts 
by  the  action  of  water  on  chloride  of  antimony  or  on  the 
nitrate  of  bismuth,  the  temperature  being  low  and  con- 
stant and  the  pressure  being  atmospheric,  we  know:  (i) 
that  if  the  system  which  consists  of  three  components  has 
arrived  at  equilibrium  not  more  than  three  phases  can 
coexist.  Of  these  the  solution  forms  one,  and  the  pre- 
cipitate must  be  either  one  single  homogeneous  substance 
(one  phase),  or  a  mixture  of  two  phases,  for  instance,  of 
two  basic  salts,  or  of  one  basic  salt  with  the  oxide.     (2) 


*  See  Jour.  Phys.  Chem.,  7,  259,  1903,  of   which  I  have  made  very 
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That  if  the  observed  difference  in  composition  between 
two  precipitates  by  the  action  of  different  quantities  of 
water  on  the  same  salt  is  due  to  their  being  mixtures  of 
the  same  pair  of  basic  salts  in  different  proportions,  the 
composition  of  the  mother  hquors  will  be  the  same  in  the 
two  cases.  (For  the  solution  must  be  in  equilibrium  with 
both  phases,  whatever  their  actual  amount.)  The  possible 
cases  are  thus  divided  into  three  groups: 

1.  The  solutions  are  identical  in  composition  in  different 
experiments,  while  the  composition  of  the  precipitate 
varies. — The  precipitate  is  a  mixture  of  two  phases. 

2.  The  solutions  differ  in  composition,  but  the  pre- 
cipitates have  the  same  composition. — -The  precipitate  is 
a  single  chemical  compound. 

3.  Both  solutions  and  precipitates  vary. — The  pre- 
cipitate is  a  single  phase  of  variable  composition,  a 
"solid  solution." 

If  it  were  possible  to  represent  the  compositions  of  the 
solution  by  abscissae,  and  those  of  the  precipitates  by 
ordinates,  the  results  of  a  series  of  experiments  could  be 
represented  by  a  curve;  perpendicular  lines  would  then 
correspond  to  case  i,  horizontal  lines  to  case  2,  and 
slanting  hnes  to  case  3.  In  a  three -component  system 
this  is  not  possible  in  general.  In  many  cases,  however, 
a  pair  or  pairs  of  components  may  be  found  whose  ratio 
in  the  solution  or  precipitate  changes  whenever  the 
composition  of  the  solution  or  precipitate  changes,  and 
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only  then;  and  since  for  the  interpretation  of  &^  results 
it  is  only  necessary  to  know  whether  the  composition 
of  solutions  and  precipitates  remains  constant  or  changes 
from  experiment  to  experiment,  it  is  suflScient  to  plot 
these  ratios  instead  of  the  compositions  themselves. 

Since  in  the  case  of  the  action  of  water  on  nitrate  of 
bismuth  the  precipitates  are  all  of  the  general  formula 
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wBi203,  N2O5,  «H20,  the  compositions  of  the  solu- 
tions, also,  may  be  expressed  in  terms  of  Bi203,  N205> 
and  H2O,  which  are  the  components  of  the  system.  I^ 
the  curve  below  the  abscissae  give  the  ratios  between 
N2O5  and  H2O  in  the  solutions,  the  ordinates  those 
between  Bi203  and  N2O5  in  the  precipitates.*  The 
only  basic  nitrates  found  are  the  two  noticed  in  the 
curve  and  Bi203-N205-2H20,  and  all  the  others  which 
have  been  supposed  to  exist  were  found  to  be  mixtures  of 
these  in  differing  proportions.     The  vertical  line  corre- 


*  See  Allen,  Am.  Chem.  Jour.,  25,  307,  1901. 
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Spends  to  mixtures  of  precipitalcs,  and  the  horizontal  ones 
to  pure  chemical  individuals. 

In  the  same  way  Hawley  (Jour,  Phys.  Chem.,  10,  654- 
657,  1906)  has  proved  that  white  lead  is  a  compound 
of  the  composition  Pb02H2-2PbC03,  and  not  a  solid 
solution.  Cox  (Jour,  Amer,  Chem,  Soc.,  a8,  1694-1710, 
1906)  has  applied  it  to  the  chroraates  of  mercury,  bismuth, 
and  lead;  and  Bell  and  Taber  (J.  Phys.  Chem.,  12,  171- 
179,  1908)  to  copper  sulphate,  showing  that  all  basic 
sulphates  of  copper  are  simply  solid  solutions. 

It  will  be  seen  from  this  brief  sketch  that  the  phase 
rule  itself  is  not  at  all  difficult  to  understand,  but  that 
its  applications  may  give  trouble,  owing  to  the  difficulty  in 
choosing  the  components  and  other  details.  For  further 
applications  to  metallurgy  and  to  chemistry  the  reader 
''iiist  be  referred  elsewhere,  for  here  it  is  only  a  question 
■^f  the  general  principles  involved  in  the  law  itself. 


CHAPTER  VI. 

SOLUTIONS. 

33.  Definition  of  a  solution. — A  solution  is  a  horn 

geneous  mixture  which  undergoes  a  change  in  composUio 

in  producing  a  new  phase  (see  p.  117).    In  case  the  ne^ 

phase  has  the  same  composition  as  the  remainder  th 

substance  is  a  chemical  individual  with  reference  to  th 

formation  of  that  phase;   but  a  change  of  conditions, 

higher   temperature    and    a   lower   pressure,    will  ofte 

transform  this  into  a  mixture  or  a  solution.     Thus  a  20 

per  cent  solution  of  hydrochloric  acid  in  water  boil 

imder  atmospheric  pressure,  at  110°  and  behaves  like 

chemical  individual,  i.e.,  gives  off  a  vapor  of  the  san 

composition  as  the  liquid  it  leaves  behind,  but  under 

pressure  of  2  atmospheres  proves  to  be  a  solution,  for  t 

vapor  contains  but  19  per  cent  of  hydrochloric  acid.    A^ 

water  vapor,   which   at  low   temperature  behaves  as 

chemical  individual,  proves  to  be  a  solution  at  a  v< 

high  temperature.     When  no  possible  change  we  b* 

brought  about  indicates  the  presence  of  a  solution  ^^ 

mixture,  the  substance  is  said  to  be  a  chemical  elemef^ 
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le  power  to  form  solutions  varies  with  the  state  of 
agg^i^^gation.  Thus  for  gases  it  is  unconditioned,  while 
for  ^wlids,  the  opposite  extreme,  it  is  small,  though  still 
pre^^nt. 

^<4*  Gases  in   liquids, — A   true   solution  here   is  one 
in  vsrlich  there  is  no  chemical  reaction  between  the  liquid 
and  the  gas,  i.e.,  the  gas  may  be  expelled  by  heat.    Henry's 
law,    which  was  Verified  by  Bunsen,  enables  us  to  find 
the    amount  of  gas  which  will  be  absorbed.     When  a  gas 
is  cxbsorbed  in  a  liquid  the  weight  dissolved  is  proportional 
to  the  pressure  of  the  gas.     Since,  however,  pressure  and 
^^ol\iine    (at    constant    temperature)    are    inversely    pro- 
portional, the  law  may  also  be  expressed  as  follows:   A 
gtvc9t  amount  of  liquid  absorbs  at  any  pressure  the  same 
'^olr^rne  of  gas.    If  now  we  introduce  the  idea  of  concen- 
tration (the  number  of  moles  of  substance  divided  by 
the     volume),    mstead  of  the  pressure,  we  obtain  still 
another  form  for  the  law:    The  amount  of  gas  dissolved 
V    a  liquid  is  such  that  there  is  always  a  constant  ratio 
^^^"z^een  the  concentration  of  the  gas  in  the  liquid  and  in 
^"^   space  above  it.    This  ratio  does  not  depend  upon  the 
^^txial  concentrations,  being  the  same  for  all  concentra- 
tions within  wide  limits,  and  its  size  is  dependent  only 
^Pon  the  nature  of  the  liquid  and  its  temperature. 
If,  instead  of  a  single  gas,  a   mixture  of  gases  is  dis- 
\       solved,  this  law  also  holds,  in  that  each  constituent  is 
\       absorbed  from  the  mixture  to  the  same  extent  as  if  it  were 
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present  alone  at  a  pressure  equal  to  its  partial  press 
in  the  mixture. 

Among  the  characteristics  of  a  gas  absorbed  in  a  liqiJ^  ^*" 
are  the  following:  There  is  less  absorption  in  a  soluti^^^^'^ 
than  in  a  pure  solvent,  and  addition  of  a  substance  to  ^ 
liquid  already  containing  gas  forces  this  out.  A  liqui^^  ^ 
is  easily  supersaturated  with  gas,  i.e.,  reduction  of  the  pr^.^=^- 
sure  does  not  cause  the  gas  to  evolve  immediately.  T^lrm.  ^ 
presence  of  dust  or  another  gas,  porous  solids  enclosi: 
air  and  free  from  the  gas  in  question,  all  cause  the 
to  be  evolved. 

When  a  gas  is  absorbed  in  a  liquid  there  is  always 
change  of  volume  in  the  latter.     As  a  general  rule 


less  compressible  a  gas  is,  the  greater  is  the  increase    c>f 
volume  caused  by  it.     The  increase  of  volume  caui 


by  the  solution  of  a  gas  has  been  found  to  be  appro:X- 
imately  equal  to  the  value  b  in  the  equations  of  BudcJc 
and  Van  der  Waals  (pp.  34,  35),  as  is  shown  for  several 
gases  in  Table  II. 


Table  II. 

Gas. 

Av 

b 

0 

0.00115 

0.000890 

N 

0.00145 

0.001359 

H 

0.00106 

0.000887 

35.  Liquids  in    liquids. — We  have  in  this  case  thr^ 
possibilities : 

I.  No  solubility,  i.e.,  the  formation  of  two  layers  and 
no  homogeneous  mixture. 
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.  A  mutual  solubility,  but  not  in  all  proportions  (as 

sr  in  ether =3%  and  ether  in  water  =  10%). 

.  The  same  relation  as  with  gases,  i.e.,  a  solubility  in 

iDroportions  (as  water  and  ethyl  alcohol). 

'he  volimie  of  liquid  mixtures  is  not  an  additive  pro- 

y.    The  volume  is  never  equal  to  the  sum  of  those 

:ie  constituents.    Almost  all  mixtures  possess  a  volume 

Her,  but  a  few  larger,  than  the  sum  of  the  partial 

Lines. 

*he  most  important  point  for  us  to  consider  here  con- 

ling  these  mixtures  is  the  manner  in  which  they  distil, 

shall  consider  first  (i)  cases  where  two  completely 
liscible  liquids  are  present;  next  (2)  those  which 
e  a  mutual  solubility;  and  finally  (3)  those  for  which 
mixture  is  homogeneous. 

A  liquid  which  consists  of  two  immiscible  constitu- 
',  present  in  two  layers,  has  a  vapor-pressure  equal  to 
sum  of  those  of  the  constituents.  The  boiling-point 
iuch  a  system,  then,  is  that  temperature  at  which  the 
or-pressure  becomes  equal  to  the  pressure  of  the 
osphere;  it  lies  still  lower,  therefore,  than  the  boiling- 
it  of  the  lower  boiling  constituent.  This  is  diflScult 
observe  experimentally  by  direct  heating,  owing  to 
bumping.  If,  however,  the  vapor  of  another  boiling 
nd  is  passed  through  the  mixture  the  whole  is  heated 
inly  and  to  the  same  degree,  and  the  mixture  distils 
iow  the  temperature  at  which  either  constituent  alone 
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will  do  SO.  An  example  of  vapor  pressure  as  an  additive 
property  is  given  by  a  mixture  of  water  and  carbon  di- 
sulphide.  At  26°.87  the  vapor-pressure  of  water  is  26.3 
mm.,  that  of  carbon  disulphide  is  388.7,  so  that  of  the 
mixture  should  be  415.0,  while  experiment  shows  412.3 
mm. 

Assiune  the  vapor-pressures  of  the  constituents  to  b^ 
pi  and  P2\  the  volume  of  each  in  the  vapor  which  distill 
over  will  be  proportional  to  these  pressures,  and  the  total 
vapor-pressure  will  be  equal  to  the  sum  of  those  of  th^ 
constituents  in  the  pure  state.  The  weight  of  the  vapoi^ 
of  each  is  equal  to  its  density  multiplied  by  its  volume, 
or,  by  what  is  proportional  to  it,  its  vapor-pressure.  W^ 
have,  then,  the  weights  (^1  and  J2)  of  the  constituents  in 
the  vapor  from  the  proportion 

qi:q2''''pidi:p2d2, 

i.e.,  the  weight  of  a  constituent  distilling  at  any  teifi^ 
perature  from  a  system  of  two  immiscible  liquids  is  prc^^ 
portional  to  the  product  of  the  vapor- pressure  of  the  pur^ 
constituent^  at  that  temperature^  and  its  density  as  a  gas. 

2.  In  the  case  of  a  mixture  of  partially  miscible  liquids^ 
i.e.,  where  each  is  mutually  soluble  in  the  other,  wr^ 
have  also  a  constant  boiling-point  and  a  constant  di^" 
tillate  so  long  as  two  layers  remain.  The  boiling-poi*^^ 
here  may  be  higher,  equal  to,  or,  as  for  class  i,  loW^^ 
than  that  of  the  lower  boiling  liquid.     It  cannot,  hoV^' 
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aver,  be  higher  than  that  of  the  higher  boiling  constituent. 
With  regard  to  the  vapor-pressures  of  the  two  layers 
formed  when  the  two  constituents  are  to  a  slight  degree 
mutually  soluble,  Konowalow  has  shown  that  the  liquid 
B  when  saturated  with  A  has  the  same  vapor-pressure 
as  a  liquid  A  when  saturated  with  B,  both  being  at  the 
same  temperature.  The  composition  of  the  liquid  dis- 
tilled is  constant  here,  as  is  the  temperature  of  boiling, 
so  long  as  the  two  layers  are  present,  independent  of  the 
amounts  of  the  two  constituents.  When  but  one  layer 
remains,  its  behavior  is  similar  to  the  liquid  in  clajss  3. 
3.  When  the  liquids  mix  in  all  proportions,  or  in 
general  when  there  is  only  one  layer  of  liquid,  it  is  possi- 
ble to  make  a  complete  separation  of  the  constituents  by 
a  fractional  distillation,  if  the  vapor-pressures  of  all  mix- 
tures lie  between  the  vapor-pressures  of  the  pure  con- 
stituents, for  then  the  lowest  boiling  distillate  will  be  the 
pure  constituent  with  the  higher  vapor-pressure. 


Fig.  7, 


"  ^e  use  a  system  of  coordinates  in  which  the  vapor- 
pressures  are  laid  out  upon  the  axis  of  ordinates,  and 
trie  percentage  composition  of  the  liquid  upon  the  axis 
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of  abscissae,  we  find  that  the  vapor-pressure  never  reaches 
the  sum  of  those  of  the  constituents,  but  at  times  goes 
even  below  the  smaller  of  these.  Fig.  7  gives  three 
types  of  curves  thus  obtained,  which  will  illustrate  the 
principle  involved.  We  find  in  I  a  maxtmum  of  the 
vapor-pressure  corresponding  to  a  certain  strength  oi 
solution.  In  II  this  maximum  has  disappeared,  and  th.^ 
vapor-pressure  of  every  mixture  lies  between  those  of  th^ 
pure  constituents,  while  in  III  the  opposite  extreme  to 
I  is  observed,  i.e.,  a  minimum  of  the  vapor-pressur^ 
which  corresponds  to  a  certain  composition. 

I.  Mixtures  which  correspond  to  this  type  posses^ 
a  maximum  of  the  vapor-pressure  for  a  certain  cont^ — 
position,  i.e.,  the  lowest  boiling  liquid  is  a  solution  of 
a  certain  strength.  An  example  of  this  is  a  75%  sola— 
tion  of  propyl  alcohol  in  water.  This  75%  solutioi3. 
will  distil  at  the  lower  temperature  from  any  propyl-' 
alcohol  solution  until  one  of  the  constituents,  i.e.,  eithcX" 
the  water  or  the  propyl  alcohol,  has  disappeared,  whex^ 
the  other  will  remain  behind  in  the  almost  pure  stat^- 
Thus  if  we  start  with  a  50%  solution  of  propyl  alcohol 
a  75%  solution  will  be  distilled  until  all  the  alcohol  i^ 
removed  and  water  is  left  in  the  flask.  If  we  start  witb 
a  90%  solution  of  the  alcohol  the  75%  solution  will  t>^ 
given  off  imtil  all  the  water  has  been  used  up  and  pitr^ 
propyl  alcohol  remains  behind. 

II.  For  mixtures  of  this  type  we  can  make  a  coi^' 
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plete  separation  by  distillation.  The  vapor  pressure  of 
3ll  mixtures  lies  between  those  of  the  two  constitu- 
ents ;  consequently  the  one  with  the  higher  vapor-pres- 
sure will  be  given  ofiF  in  the  almost  pure  state,  leav- 
ing the  other  behind.  A  solution  of  benzol  in  w-xylol 
belongs  to  this  class.  The  method  of  calculating  the 
value  of  the  vapor-  pressure  in  such  a  case  will  be  given 
later. 

ril.  Here  we  have  a  minimum  of  the  vapor-pressure 
corresponding  to  a  certain  composition.  A  solution  of 
this  composition  will,  then,  always  be  the  last  to  be 
distilled,  since  its  boiling-point  is  the  highest  of  all  pos- 
sible mixtiures.  This  is  just  the  opposite  of  case  I, 
where  the  solution  of  a  certain  composition  is  given  off 
first.  All  solutions,  for  example,  of  formic  acid  and 
water  will  distil  off  an  amount  of  one  constituent  until 
^^  solution  remaining  contains  70%  of  formic  acid. 
^  QQ%  solution  will  give  off  almost  pure  formic  acid 
^til  just  enough  remains  to  form  a  70%  solution.  A 
50*5^  solution  will  give  off  water  until  the  70%  solution 
is  left  behind. 

It  will  be  observed  here  that  in  cases  I  and  III  we  find 
systems  which  behave  as  chemical  individuals,  or  com- 
pounds (p.  130),  i.e.,  the  75%  solution  of  propyl  alcohol 

• 

^  >vater,  and  the  one  containing  70%  of  formic  acid. 
Tj^B-t  these  simply  appear  as  chemical  individuals  only 
^der  this  one  condition  is  proven  by  tlie  fact  that  the 
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composition  of  the  vapor  phase  varies  with  the  pressure 
under  which  the  distillation  takes  place. 

An  interesting  technical  application  of  these  principles 
and  facts  has  been  made  by  Young  (Trans.  Chem.  Soc., 
8i,  707,  1902)  in  his  method  of  preparing  absolute  alcohol 
from  strong  spirit.  As  is  well  known  ethyl  alcohol  and 
water  form  a  constant  boiling  liquid  (B.P.  =78°.i5)  of 
a  composition  of  95.57%  of  alcohol  and  4.43%  of  water, 
which  by  distillation  alone  cannot  be  further  separated. 
Instead  of  employing  a  dehydrating  agent  and  distilling 
the  alcohol  alone,  as  has  been  the  common  practice,  he 
mixes  with  the  solution  benzene,  «-hexane,  or  a  similar 
liquid.  The  behavior  of  this  system  on  distilling  can  be 
seen  from  the  table  below: 


Liquid  of  Cconstant  B.P. 


1.  Alcohol,  water  and  benzene.  . 

2.  Alcohol  and  benzene 

3.  Water  and  benzene 

4.  Alcohol  and  water 

5.  Alcohol 

6.  Benzene 

7.  Water 


B.P. 


78°- 15 

78°.  3 
80°.  2 

100°. o 


Percentage  Composition. 


Alcohol. 


64° 

■85 

18 

•5 

68° 

•25 

32 

.41 

6q° 

•25 

•  •  • 

95-57 

lOO.O 


Water. 


7-4 

8.83 
4-43 


100 


Bcnzeo** 


74 
67 

91 


100 


59 
x7 


The  lowest  boiling-liquid  is  the  ternary  system  W.A.^' 
and,   unless  one  liquid  is  present  in  a  relatively  v^^ 
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small  quantity,  it  will  distil  first.  If  there  is  more  than 
sufficient  benzene  to  carry  over  the  whole  of  the  water, 
and  if  alcohol  is  present  in  excess,  the  tcmaiy  mixture  will 
be  followed  by  the  binary  mixture  (A.B.),  and  the  last 
substance  to  come  over  will  be  alcohol.  Owing  to  the 
fact  that  there  is  but  3''.4  difference  between  the  boiling- 
points  of  the  ternary  mixture  (A.B.W.)  and  the  binary 
one  (A.B.)i  however,  it  is  impossible  to  get  rid  of  all  the 
water  in  one  distillation.  By  redistilling  the  partially 
dehydrated  alcohol  once  or  twice  with  a  further  quantity 
of  benzene  complete  separation  is  effected.  As  the 
alcohol  itself  need  not  be  distilled,  but  can  be  poured 
directly  from  the  still,  and  as  ihe  benzene  can  be 
recovered  without  difficulty,  this  method  has  many 
advantages. 

36.  Solids  in  liquids. — When  a  sol'ible  solid  comes 
in  contact  with  a  liquid  it  dissolves.  When  no  more 
substance  is  taken  up  by  the  liquid  at  any  onz  tempera- 
ture the  solution  is  said  to  be  saturated  at  that  temperature. 
There  are  two  general  methods  of  making  a  saturated 
solution;  but  in  either  it  is  always  to  be  remembered 
that  in  order  that  a  solution  be  saturated  (he  solid  sub- 
stance must  be  in  contact  with  it. 

I.  The  substance,  in  granular  form,  is  brought  into 
the  liquid,  and  the  system  agitated  at  a  certain  tempera- 
ture untU  no  more  is  dissolved;  or, 
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n.  The  solution  is  made  as  above,  but  at  a  hight^r 
temperature  than  the  desired  one,  to  which  it  is  reduce<i 
later. 

Both  these  methods  give  the  same  result  if  properlj 
carried  out,  although  the  latter  is  quicker  and  so  to  t>« 
preferred. 

The  importance  of  the  state  of  the  solid  from  which 
the    solution    is  made    has    recently  been    pointed    ovtt 
by  Hulett  (J.  Am.  Chem.  Soc,  27,  49,  1905).     I  quote 
from    him:     "The   explanation   of    the    phenomenon*' 
(of  the  greater  speed  of  solution  and  greater  solubility 
of  very  small  particles  of  solid)  "is  based  on  the  following 
considerations:    The  boundary  between  a  solid  and    ^ 
liquid  is  the  seat  of  a  certain  amount  of  energy  due  to  tb.e 
surface-energy  of  the  liquid;   if  this  surface  is  increas^^ 
by  powdering  the  solid,  the  total  surface- energy  is  co^' 
respondingly  increased.     Further,   it  is  a  generally  ot>' 
served  fact  that  the  form  of  a  substance  which  has  tH^ 
greater  free  energy  is  the  more  soluble,  has  the  great^^ 
vapor-pressure,  and  is  the  least  stable  form,  e.g.,  alX^^ 
tropic   modifications  of  substances  have  different   sol^" 
bilities,  and  the  unstable  form  is  always  the  more  soluble ' 
This  phenomenon  is  hardly  analogous  to  the  well-knov*^^ 
behavior  of  liquid  drops  of  different  sizes.     Small  drop^ 
in  the  vicinity  of  large  ones  grow  small  and  disappear^ 
while  the  larger  ones  grow  larger,  and  the  reason  is  quit^ 
clear.     It  is  known  that  the  curved  surface  of  a  liquid 
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^eater  vapor-pressure  than  a  plane  or  less  curved 
,  therefore,  a  distillation  takes  place.  The 
ity  between  the  vapor-pressure  of  liquids  and  the 
i-pressure  of  solids  has  suggested  to  some  the 
r  between  the  facts  just  mentioned  and  the  be- 
of  solid  particles  of  different  sizes  in  contact  with 
ition.  But  we  cannot  assume  that  the  surfaces  of 
tides  of  a  powder  are  curved,  or,  if  that  is  granted, 
not  .know  that  a  curved  surface  of  a  solid  or  a 
jdge  has  a  greater  solution-pressure  than  a  plane 
of  the  same  substance." 

tt  has  found  that  a  solution  of  gypsum  saturated 
containing  2.080  grs.  CaS04  per  liter  (i.e.,  0.01530 
7ill  increase  its  concentration  rapidly  to  a  maximum 
laken  with  powdered  gypsum  and  then  will  decrease 
original  value  again.     In  one  experiment  the  con- 
gypsum  reached  2.542  grs.  CaS04  in  a  liter  in  a 
The  fine  powder  used  for  this  purpose   was 
after  the  concentration  had  reached  its  original 
:o  have  increased  in  the  size  of  its  grain.     The 
t   particles   thus   go   into   solution,    produce    the 
.turation  and  are  then  deposited  upon  the  others, 
all  increase  in  size. 

,s  been  observed  that  crystals  dissolve  more  rapidly 
I  directions  than  in  others,  and  it  is  possible  thus  to 
a  circular  disk  of  gypsum  (cut  parallel  to  010) 
3me  elliptical  by  the  action  of  dilute  hydrochloric 
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acid.  Hulett  calls  attention,  however,  to  the  fact  that 
solubility  has  nothing  to  do  with  rate  of  solubility,  jor 
solubility  is  measured  by  the  concentration  of  the  solution 
which  is  in  final  equilibrium  with  the  solid.  He  found 
that  the  plate  of  gypsum  is  equally  soluble  in  all  directions, 
and  a  solution  saturated  with  planes  cut  in  one  direction 
is  in  equilibrium  witn  those  cut  in  other  directions.  For 
these  reasons  Hulett  advocates  the  preparation  of 
saturated  solutions  from  large  particles,  as  there  is 
then  no  danger  of  supersaturation,  and  the  liquid  need 
not  be  filtered.  In  case  small  particles  are  used  and  a 
supersaturation  feared,  contact  with  the  large  particles 
or  crystals  will  cause  the  equilibrivun  to  be  attained 
from  the  supersaturated  side. 

It  is  often  possible  to  cool  a  saturated  solution  (which 
has  been  separated  from  its  solid  phase)  to  such  an  extent 
that  it  is  supersaturated.  Some  solutions  of  this  sort  can 
be  kept  indefinitely,  provided  germs  of  the  solid  phase 
are  excluded.  Such  solutions  are  called  metastable.  On 
the  other  hand,  there  are  some  solutions  in  which  the 
solid  phase  appears  even  when  its  germs  are  excluded. 
Such  solutions  are  called  labile.  The  distinction  between 
these  two  kinds  of  solution  is  not  so  sharp  as  one  would 
think,  however,  for  by  overcooling  sufficiently  the  meta- 
stable solution  may  pass  over  into  the  labile  state.  In 
general  the  metastable  solution  is  smaller  in  concentration 
than  is  that  which  is  labile.     Increase  of  the  concentration 
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causes  the  metastable  state  to  be  transformed  into  the 
labile;  the  concentration  at  which  this  occurs  is  called 
the  metastable  limit. 

37.  Osmotic  pressure. — If  in  a  tall  jar  we  place  a  layer 
of  pure  water  over  a  colored  solution  we  observe  after 
a  time  that  the  whole  liquid  is  colored.    The  colored 
substance  has  diffused  through  the  liquid  until  a  homo- 
geneous mixture  results.    This  action  shows  that  there 
^ixst  be  a  certain  tendency  or  pressure  which  causes  the 
substance  to  occupy  the  entire  space  available.     This 
pressure  causing  the  substance  to  diffuse  into  the  solvent 

• 

IS    c^alled  the  osmotic  pressure  of  that  solution.     If  a  vessel 

is  J^rovided  with  a  partition  of  such  a  nature  that  it  allows 

fr^e  passage  to  the  solvent,  but  not  to  the  solute,  and  we 

ha.ve  water  on  one  side  and  a  solution   on   the  other, 

the  solute  will  exert  a  pressure  upon  it ;  this  is  tKe  osmotic 

pj*^ssure  of  that  solution.     Semipermeable  partitions  of 

this  sort  had  been  foimd  by  Traube,  and  perfected  by 

Pf^fler  and  Morse  and  his  co-workers  in  such  a  way  that 

it     is  now   possible   to   actually   measure   the   different 

osmotic  pressures  by  means  of  a  manometer.     An  ap- 

pa.ratus  by  which   the   principle   of   Pfeffer's   measure- 

."^^nts  may  be   understood   is  shown   in   Fig.   8.     The 

cylinder  A  is  made  of  porous  clay,  and  is  designed  to 

support  the  semipermeable  film.     To  produce  this  the 

pores  of  the  cylinder  are  filled  with  a  solution  of  copper 

s^phate.    After  the  excess  of  this  is  removed  the  cup  is 

fi^ed  with  a  3%  solution  of  potassium  ferrocyanide,  and 
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allowed  to  stand  for  a  day  in  a  solutioii  of  copper  sulphate.  _ 
In  this  way  the  pores  are  filled  with  a  film  of  copper:! 
ferrocyanide,  which  is  penneable  to  water,  but  not  iacz 
a  large  number  of  salts.    The  process  of  measuring  i^ 


as  follows:  The  now  semipermeable  cylinder  is  washes*! 
out  and  filled  with  the  solution  to  be  measured.  Tfae 
rubber  sfopper  CC  is  next  inserted  in  A  in  such  a  wa-J 
that  the  solution  rises  a  short  distance  in  the  tube,  i-^-i 
the  cylinder  is  entirely  filled  with  solution  without  air,  and 
the  tube  connected  to  a  manometer.  The  cork  BB  is  then 
fastened  in  the  vessel  DD,  which  is  filled  with  water- 
The  liquid  rises  slowly  in  the  tube  until  equilibrium  is 
reached,  i.e.,  until  the  resistance  in  the  manometer  is 
just  equal  to  the  osmotic  pressure.  The  height  of  the 
column  of  mercury  thus  represents  the  osmotic  pressure 
of  the  solution  in  A. 

There  is  a  definite  attraction,  then,  or  an  apparen' 
one,  between  the  substance  in  solution  and  the  solve&t' 
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and  this  is  of  such  a  nature  that  without  the  partition  it 

would  cause  the  system  to  become  homogeneous.    Whether 

this  apparent  attraction  is  actually  an  attraction  between 

solvent  and  solute,  or  whether  it  is  a  tendency  for  the 

solute  to  become  uniform  in  concentration  in  the  liquid, 

owing  to  forces  existing  in  it,   is  unknown.     As  under 

certain  conditions   a   change   in   the   solvent   makes   no 

difference  in  the  osmotic  pressure  observed   (and  when 

it  does  it  can  be  accounted  for  quite  readily)  it  would 

seem  that   the   latter   supposition   is   the   more   correct. 

However,  whether  this  phenomenon  is  a  pressure  or 

^  attraction  can  have  no  difference  from  our  standpoint, 

for  what  we  shall  designate  as  osmotic  pressure  is  an 

experimentally  observed  fact  which  has  been  given  that 

Mine.    As  such,  then,  we  can  define  osmotic  pressure 

(as  we  stiail  use  the  term*  as  that  pressure  -which  will  just 

f^weitf  pure  solvent   jrom  going  through  a  semiperme- 

"^  partition    to    dilute    the    solution    contained    within 

it. 

The  nature  of  the  semipermeable  partition  seems 
^  bave  no  effect  upon  the  value  of  the  osmotic  pres- 
sure. That  this  must  be  true  can  be  proven  by  the 
'  fcJlomng  process:  Imagine  A  and  B  (Fig,  9)  to  be 
t*o  unlike  semipermeable  partitions  placed  in  a  cylinder 
of  glass.  Assume  the  cylinder  full  of  solution  and 
lowered  in  a  horizontal  position  in  a  vessel  of  water. 
If  the  pressure  P  is  exerted  by  the  partition  A,  and  p 
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(a  smaller  one)  by  jB,  then  water  will  go  through  A  un 
the  internal  pressure  P  is  reached.  Since  B  allowi 
only  the  pressure  p,  however,  this  pressure  P  can  neve 
be  reached,  so  that  we  would  have  a  steady  curren 
of  water  going  from  A  toB  under  the  finite  pressure  P—p 
^This,  however,  would  be  a  perpetual  motion,  which  is 


Fig.  9. 

impossible;   hence  the  partition  A  must  give  rise  to  thi 
same  osmotic  pressure  as  the  partition  B. 

Osmotic  pressure  is,  then,  independent*  of  the  natur^^ 
of  the  solvent  and  the  partition,  the  latter  being  simpl] 
a  means  of  making  it  visible. 

Pfeffer  measured,  by  means  of  an  apparatus  of  the 
type  of  the  one  described,  the  osmotic  pressures  whichK- 
exist  in  a  large  number  of  solutions  and  found  them 
in  many  cases  to  be  very  great.     A  few  results  for  sugar 
solutions  of  varying  concentrations  at  15°  C.  are  given 
in  Table  III. 


Table  III. 

c 

P 

P/c 

e 

P 

p/c 

1 

53.8 

53.8 

4 

208.2 

52.1 

1 

53-2 

53-2 

6 

307-5 

51-3 

2 

101.6 

50.8 

I 

53-5 

53.5 

2.74 

151. 8 

55-4 
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here  c  is  the  percentage  composition  of  the  solution 

is  the  osmotic  pressure,  in  cms.  of  mercury,  and  p/c 

the  ratio  of  pressure  to  concentration. 

Considering  the  difficulties  in  measuring  and  the 
^perfections  in  the  semipermeable  film,  the  term  p/c 

to  be  considered  as  constant;  hence  the  osmotic  pres- 
ire  is  proportional  to  the  concentration  of  the  solute, 
urther  results  at  different  temperatures  showed  that 
te  osmotic  pressure  is  proportional  to  the  absolute  tern- 
era4ure.  This,  however,  is  only  strictly  true  when  the 
eat  of  dilution  of  the  solution  is  zero,  i.e.,  when  the  solu- 
on  is  dilute.  On  account  of  experimental  difficulties 
le  direct  effect  of  this  heat  of  dilution  upon  the  osmotic 
ressure  of  concentrated  solutions  has  not  as  yet  been 
etermined. 

van't  Hoff  in  1887  from  this  much  knowledge  derived, 
>y  the  aid  of  thermodynamics,  an  analogy  between  the 
^havior  of  gases  and  substances  in  solution.  Here, 
towever,  we  shall  not  go  into  his  reasoning,  but  shall 
consider  how  his  results  may  be  arrived  at  in  a  more 
simple  manner. 
As  we  have  seen  by  Pfeffer's  results,  the  term  p/c 

remains    constant  for   any  one  solution  when  p  is  the 

osmotic  pressure  and  c  the  concentration,  i/c,  however, 
is  equal  to  Vy  the  volume;   we  have  then 

p/c^pn). 
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Since  now  the  osmotic  pressure  is  proportional  to     the 
absolute  temperature,  as  is  also  the  term  p/c^  we    li^ve 

^= constant  xr. 

This  equation  is  so  much  like  the  one  for  gases    0) 
that  it  immediately  suggests  that  there  is  some  kind  of  a 
connection   between   them   and   substances   in  solution* 
If  now  the  value  of  the  constant  is  determined,  th^^ 
by  comparing  it  with  the  gas  constant  it  is  possible  to 
find  this  connection.     Since  we  are  to  use  the  molec- 
ular gas  constant  in  the  comparison,  it  will  be  neceS^ 
sary  also  to  find  this  constant  for  i  mole.    A  i%  solU-' 
tion  of  sugar  at  o°  is  held  in  equilibrium  by  a  columJ^ 
of  mercury  49.3  cms.  high  and  thus  gives  an  osmotic 
pressure  equal  to 

49.3X13.59=671  grams  per  sq.  cm. 


Since  the  molecular  weight  of  sugar  (C11H22O11) 
342,  the  volume  in  which  i  mole  is  dissolved  (to  give 
1%  solution)  is  34200  cc.     We  have  then 

PqVq    671X34200     Q 

constant  =  —;^r-  = =84200  gr.-cms., 

i  273 

while  the  molecular  gas  constant  is 

i?  =84800  gr.-cms. 
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The  constant  is  the  same,  then  (within  the  experi- 
Tcr^ntal  error),  for  the  gaseous  state  and  the  state  of  a 
iivxlDstance  in  solution;  consequently  for  each  state,  con- 
sidering I  mole,  we  have 

pV=^RT. 

van't  HoflF  simmied  up  these  results  in  the  following 

form:    The  osmotic  pressure  of  a  substance  in  solution  is 

^^  same  pressure  which  that  substance  would  exert  were 

w    xw  gaseous  form  at  the  same  temperature  and  occupy- 

^^^  the  same  volume. 

Since  i  mole  of  gas  at  0°  and  76  cms.  of  Hg  occupies 
tile  volume  of  22.4  liters,  at  the  volume  of  i  liter  it  will 
ha^Ve,  according  to  vanH  Hqff^s  law,  the  pressure  of  22.4 
^troospheres  (Boyle's  law).  This  pressure,  22.4  atmos- 
pb^eres,  is  then  the  osmotic  pressure  which  is  exerted  by 
I  mole  of  solute  in  i  liter  of  solution  at  0°,  i.e.,  by  a 
Jiic>lar  solution.  From  this  osmotic  pressure,  22^4  atmos- 
pl^eres,  it  is  very  easy  to  find  that  for  any  other  concen- 
tra.tion  given  in  terms  normal.  Thus  a  w/io  solution 
giv-es  an  osmotic  pressure  of  2.24  atmospheres. 

^Ndorse  and  Frazer  (Am.  Chem.  J.,  34,  i,  1905;    37, 

3^-4,  425,  558;    38,  175,  1907),  in  an  apparatus  similar 

.^0    that  of  Pfefifer,  but  greatly  refined,  have  measured 

osmotic  pressures  of  sugar  and  glucose  solutions  up  to 

25    atmospheres.    Their  results  for  strong  solutions  of 

su^gar  at  20°  show  that  van't  Hoff's  law  holds,  provided 
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the  volume  of  pure  solvent  is  substituted  in  the 
thai  of  the  solution.    In  place  of  the  above  law 


RT 


where  V  is  the  volume  of  the  solution,  they  find 

RT 

where  V  is  the  volume  of  the  pure  solvent,  correspot^^ 
more  closely  with  their  experimental  results. 

Morse  and  Frazer  sum  up  their  results  as  follo^^ 
''When  we  dissolved  a  gram-mokcular  weight  of  caf^ 
sugar  (342.22  grams)  in  1000  grams  of  water,  i.e.,  in  th^ 
mass  of  solvent  which  has  the  unit  volume,  1  liter,  at  if^ 
temperature  of  maximum  density — we  found  its  osmof^ 
pressure,  at  about  20°,  in  quite  close  accord  with  the  pre^ 
sure  which  a  gram-molecular  weight  of  hydrogen  wou^ 
exert,  at  the  same  temperature,  if  Us  volume  were  reduce 
to  I  liter,  i.e.,  to  that  volume  which  the  unit  mass  of  solvef^* 
has  at  the  temperature  of  greatest  density.''^ 

For  cane-sugar,  then,  and  presumably  for  all  oth^ 
substances,  we  can  express  the  law  as  follows:  A  sv^ 
stance  in  solution  "  exerts  an  osmetic  pressure  equal  ^ 
that  which  it  would  exert  if  it  were  gasified  at  the  sanM 
temperature  and  the  volume  of  the  gas  were  reduced  ^ 
that   of  the   solvent   in  the   pure   state. ^^     Or,   in  oth^ 
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:ds,  it  '^exerts  an  osmotic  pressure  throughout  the 
2  T-^er  volume  of  the  solution  equal  to  that  which  as  a  gas 
^  "zejould  exert  if  confined  to  the  smaller  volume  of  the  pure 
olijcnty 

This  law  of  van't  Hoff's,  as  modified  by  Morse  and  his 
co-vrorkers,  enables  us  now  to  define  the  molecular 
Weight  of  a  dissolved  substance,  and  the  definition  natu- 
rally reminds  one  of  the  definition  for  substances  in  the 
gaseous  state.  The  molecular  weight  of  a  substance  in 
^olzetion  is  the  weight  in  grams  which  in  the  volume 
of  approximately  22.4  liters  of  solvent  will  give  an  osmotic 
prcssure^  of  i  atmosphere  at  0°  C,  or  a  corresponding  value 
(U  cLnother  temperature  or  volume. 

If  the  osmotic  pressure  of  a  solution  is   known     it 
is  then  possible  to  find  from  it  the  molecular  weight. 
A  2%  solution  of  sugar  gives,  at  0°  C,  an  osmotic  pres- 
sure equal  to  101.6  cms.  of  Hg.    If  this  solution  con- 
tained I  mole  in  1000  grams  of  water  it  would  give  a 
pressure  equal  to  22.4X76  =  1702.4  cms.  of  Hg.     The 
2%  solution   contains    20   grams   to   the    liter;    hence 
2o:3f::  101.6:1702.4;  ^  =  335. 

Results  for  sugar  and  glucose  obtained  by  Morse  and 

his  co-workers  are  summarized  in  the  following  tables, 

I      ^d  will  serve  to  show  the  agreement  between  the  deter- 

I      n^ed  and  calculated  values.    It  is  to  be  remembered 

here  that  the  diulte  solutions    are  more  affected  bv  the 

I      ^^i'-iiUjiital  and  unavoidable  error  than  the  others,  so 
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that  the  apparently  abnormal  figures  for  the  o,i 
solution  may  be  disregarded.     The  molecular  wei 
is  calculated  from  the  proportion 
..^73+^. 


3/ :  2  2.26  5— 


•■n 


■.iv-.P, 


where  22.265  is  the  volume  of  2  grams   {not 
hydrogen  at  Baltimore,  M  is  the  molecular  w 
substance  dissolved   in   i   liter  of  water,   and   i 
observed  osmotic  pressure  at  the  temperature  / 
grams  of  the  substance  are  dissolved  in  i  liter  of  ' 


Osmotic  Fkessures  01 

Cane-sugab. 

Wei([W 

T-P*^™ 

ObservEd 

3ip. 

bElWW™ 

S^ 

'""'"'' 

Ubera. 

phef^ 

"""''"■■ 

p««u™. 

O.I 

ii4°.o6 

=-51 

2,42 

+0.09 

317-85  1 

14= 

23 

55 

I-4J 

+  0 

322 

56 

30" 

90 

4 

4-79 

07 

344 

96 

«■> 

38 

4 

78 

4-8n 

344 

90 

77 

4 

81 

339 

3 

ai" 

67 

7 

7.JT 

+  0 

03 

338 

37  1 

3 

K 

88 

7 

7.  .6 

+0 

04 

338 

20  ] 

4 

63 

9 

64 

9.61 

+0 

338 

73 

aa° 

■S 

69 

9.63 

4-0 

06 

337 

50 

s 

jjO 

62 

of, 

12.06 

339 

59 

s' 

K 

7° 

»3 

+  0 

13 

336 

'9  , 

6 

34° 

38 

7+ 

U-55 

-\-a 

19 

335 

3^ 

6 

24- 

70 

I+-S5 

+  0 

'S 

ilf> 

07 

6 

^■*= 

77 

■4.54 

-1-0 

23 

334 

32 

7 

^3° 

64 

16 

05 

16.94 

+  0 

3.19 

39  \ 

7 

'f 

16 

96 

16.93 

03 

339 

S°  / 

8 

K 

60 

19 

30 

19-35 

°s 

340 

48  1 

8 

13° 

69 

19 

39 

+  0 

°3 

339 

oS  / 

9 

14= 

79 

S3 

04 

340 

9 

^•^I 

^^ 

91 

a,. 86 

05 

338 

82 

13° 

56 

24 

24.19 

+  0 

n 

336 

39 

I.o 

^4°  5« 

13.9s 

:i4,  !S 

-" 

,5° 

Jil 

i£_. 

Final  mean  of  mol.  weight,  33 
Theoretical  mol.  weights,     33 
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OsMOTjc  Pressures  of  Glucose. 


Weiglit 

normal 
concen- 
tration. 


O-  X 

°-  S 

o  ^  ^ 
o  ^  ^ 
o  ^    ^ 

I    -CD 


Tempera- 
ture of 
solution. 


24°.  10 
25°.  10 
24°. 10 

24° -93 
22°. 20 

23°.  48 
26^.90 

26«>.6o 

210.86 

240.17 

22<>.57 

22^.40 
22^.30 
22^.26 

25° -43 
22^.70 

23^.00 

23°. 28 

23^.64 

23°. 80 

22^58 

23°. 10 

22°. 20 

22°. 60 

22°.  10 


Observed 
osmotic 

pressure. 
Atmos- 
pheres. 


2.39 
2.42 

4.76 

4.77 
7.12 


7- 
9- 
9- 


17 
70 

65 


12.07 
12.00 
14.56 

14.32 
14.29 

16.82 

16.96 

16.75 
19.27 

19.16 

19-25 
21.64 

21.49 
21.63 

24.12 

24.00 
24.03 


Theoretical 
Kas  pres- 
sure at 
same  temp- 
perature. 
Atmas- 
pheres. 


2.42 

2.43 
4.85 
4.86 

7.22 

7.25 
9.78 

9-77 
12.03 

12.12 

14.46 

14,40 

14.45 
16.85 

17.04 

16.88 

19.31 

19-33 

19.35 
21.80 

21.70 

21.74 
24.08 
24.11 
24.07 


Difference 
between 
osmotic 
and  gas 
pressure. 


-0.03 
—  O.OI 

—  0.09 

—  0.09 

—  o.  10 

-0.08 
-0.08 

—  0.12 
-f  0.04 

—  0.12 

-f  O.IO 

-0.08 

—  0.16 

—  0.03 

—0.08 
-0.13 

—  0.04 

—  0.17 

—  O.IO 


16 

21 
II 


—  o 

—  o 

—  o 
+  0.04 

—  O.II 

—  0.04 


Molecular 
weight 

calculated 

from 

osmotid 

pressure. 


81.40 

79-83 
81.77 
82.10 
81.38 

80.73 
80.21 

81 

78 

80.57 
77.62 

80.42 

80.83 

79.18 

79-55 
80.16 

79.16 


02 
12 


80. 

79- 

79- 

80. 

79- 


39 

73 

87 

49 
60 


78.46 
79.60 
79.07 


Mean 
molecular 
weight  for 
ea(  li  con- 
centra- 
tion. 


180.62 
181.94 
181.06 
180.62 

179.35 

179.62 

179.63 

179.76 

179.99 

179.04 


H=i      Mol.  Wt.  glucose  =178. 74      Mean  mol.  wt.,  180.08 


Lewis  Qour.  Am.  Chem.  Soc,  30,  668-683,  1908)  in 

a  theoretical  paper  has  called  attention  to  the  fact  that 

the  modified  form  of  van't  Hoff's  equation,  presented  by 

Morse  and  Frazer,  as  epitomizing  their  results,  is  not 


<p 
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satisfactory  at  higher  concentrations,  and  advocates  tlie 
equation  (see  also  later),  * 

RT 

where  a  is  the  compressibility  of  the  solvent,  Vq  its  molec- 
ular volume  (volume  of  i  mole),  and  N  is  the  molai 
fraction  of  the  solvent,  i.e.,  moles  of  solvent  divided  h>j 
moles  of  solute  plus  moles  of  solvent.*  ' 

Lewis  also  calls  attention  to  the  fact  that  the  osmotic 
pressure  at  one  temperature  may  be  found  from  that    ^^ 
another  if  the  heat  of  dilution  of  the  solution  is  knov^^ 
and  attributes  the  equality  in  osmotic  pressure,  at 
and   20°,  of  sugar  solutions,  as  found  by  Morse 
Frazer,  to  the  decreasing,  and  possibly  negative,  t^ 
perature  coefficient  of  osmotic  pressure. 

Measurements  of  the  osmotic  pressures  of  strong  so^^' 
tions  of  sugar,  galactose,  massuite,  and  dextrose,  h^ 
also  been  made  by  Berkeley  and  Hartley  (Proc.  R^^^-^* 
Soc,  73,  433,  1904;   Trans.  Roy.  Soc,  206,  481,  igc^^^' 
It  is  not  only  water  solutions  that  have  been  measur^^' 
however,  for  Raoult  (Zeit.  f.  phys.  Chem.  27,  737,  18^^^ 
has  found  that  vulcanite  allows  passage  to  ether  but  x^^ 
to  methyl  alcohol.     Thus  with  ether  on  one  side  and    ^^ 
equal  volume  mixture  of  ether  and  methyl  alcohol    ^^ 

*  I  mole  in  a  liter  of  water  (i.e.,  HJ^  =  55.5  moles)  gives  a  value  0/  ^ 

equal  to  —^^-7— =0.082+. 
^  55-5  + 1 
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the  other,  he  observed  an  omotic  pressure  of  50  atmos- 
pheres at  13°  C,  when  the  manometer  was  fractured. 
In  this  case  the  pressure,  just  as  with  water  solutions, 
was  exerted  in  the  solution,  i.e.,  the  pure  solvent  goes 
toward  the  solution  and  a  pressure  is  necessary  to  pre- 
vent it. 

There  is  one  characteristic  of  osmotic  phenomena  which 
must  be  mentioned.     It  is  the  slow  rise  of  the  pressure  up 
to   its  maximum  value.     Thus  with  a  half-molar  sugar 
solution  Morse  and  Frazer  found  95  hours  necessary  for 
the  establishment  of  the  final  equilibrium.    This,  naturally, 
is  to  be  attributed  to  the  resistance  of  the  cell  to  diffusion. 
A  simple  and  quick  method  of  observing  the  effect  of 
osmotic  pressure  h  given  by  Tammann.     If  in  a  moder- 
ately strong  solution  of  copper  sulphate  we  place  a  drop 
■"  a  strong  solution  of  potassium  ferrocyanide  it  is  imme- 
diately surrounded  by  a  semipermeable  film  of  copper 
lerrocyanide.     Since  the  ferrocyanide  solution   is   more 
t^ccntrated  than  that  of  the  copper  sulphate,  water  goes 
"•rough  the  film,  from  the  copper  saR  to  the  ferrocyanide, 
Wd  dark  streaks  are  observed  to  sink  from  the  bubble, 
"icse  streaks   are  of  stronger  copper- sulphate  solution, 
*tich  is  formed  from  the  other  by  the  loss  of  water,  and 
sink  on  account  of  their  increa.sed  specific  gravity.     If 
^"^  fenocyanide  solution  is  weak  and  another  salt  or 
™ore  ferrocyanide  is   added  to  it  until  no  streaks   are 
obsQved  to  sink  from  a  bubble,  then  there  must  be  an 
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equal  number  of  moles  per  liter  in  both  of  the  two  sol 
tions,  i.e.,  in  the  copper  solution  and  the  ferrocyanic 
plus  salt.  If  the  ferrocyanide  solution  is  weaker  th£ 
the  one  of  copper  sulphate  (in  moles  per  liter),  then  wat 
will  go  out  of  the  bubble,  which  will  decrease  in  sl 
and  light  streaks  will  appear  in  the  copper  solution. 

In  this  experiment  the  tendency  for  the  solutions 
become  of  the  same  molar  concentration  is  particular 
striking,  and  water  is  always  observed  to  go  from  tl 
more   dilute   to   the   more   concentrated,    expressed 
moles  per  liter. 

Consider  a  cylinder,  as  shown  in  Fig.  lo,  filled  wi 
a  solution,  and  provided  with  a  semipermeable  piste 
a.  If  by  a  certain  weight  this  piston  is  lowered,  wat 
will  go  through  it,  and  we  shall  have  separated  an  amoui 


Solution 


Salt 


Fig,  io. 


of  solvent  from  the  solution.    If  the  amount  of  wat< 
separated  previously  contained  l  mole  of  solute,  and  tt 
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total  volume  is  very  large,  the  osmotic  work  is  given  by 
the  equation 

pV=RT, 

where  V  is  the  decrease  in  volume  occupied  by  the  solute 
under  the  constant  osmotic  pressure  p.    It  is  possible 
thus  to  determine  the  molecular  weight  of  any  substance 
in  solution  by  finding  the  work  necessary  for  the  separa- 
tion   of    a   certain   amount   of   the   solvent.     For  each 
amount  of  solvent  which  has  previously  contained  one 
mole  of  solute  the  work  is  (just  as  for  gases)  2T  cals,  so 
that  the  number  of  moles  in  the  definite  amount  of  solvent 
removed  may  be  calculated  from  the  work,  and  from  this 
^e  niolecular  weight  of  the  solute  can  be  found.     The 
^^lecular  weight  of  a  substance  in  solution  by  this  method 
'^ould  be  the  weight  which  removed  from  a  solution  against 
^s  osmotic  pressure  would  require  the  work  of  2T  cals.; 
^^  ivhat  is  the  same  things  the  weight  which  has  been  dis- 
solved in  the  volume  of  solvent  requiring  the  work  2T  cals. 
^0  remove  reversibly  from  the  main  portion  of  the  solution. 
38.  Solution  pressure. — The   pressure   which   a   solid 
exerts  in  going  into  solution  is  called  the  solution  pressure. 
Tl^is  term,  naturally,  is  expressive  of  the  fact  that  when 
^^  substance  has  dissolved  it  exerts  osmotic  pressure. 
Since    the  osmotic  pressure  increases  with  the  amount 
^*  substance  dissolved,  the  solution  pressure  of  a  substance 
can  l>^  no  greater  than  its  osmotic  pressure  in  a  saturated 
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solution,  for  that  pressure  prevents  the  substance  bo^ 
dissolving  further.  A  substance  is  less  soluble  in  its  oW^ 
solution  than  in  pure  water,  and  it  seems  that  it  is  ttl^* 
osmotic  pressure  which  is  due  to  that  substance  whicJ 
effects  its  solubility  principally;  at  any  rate,  no  generm 
law  is  known  which  governs  the  solubility  of  a  substance 
in  solutions  of  other  substance,  i.e.,  when  the  solutior: 
pressure  is  counteracted  by  an  osmotic  pressure  due  tc 
another  substance.  The  behavior  of  a  substance  dis 
solving,  then,  is  very  similar  to  a  substance  going  intc 
the  gaseous  state,  and  we  have  a  solution  pressure  corre- 
sponding to  the  vapor- pressure. 

39.  Vapor-pressures  of  solutions. — It  has  been  known 
for  many  years  that  the  vapor-pressure  of  a  solution  is 
lower  than  that  of  the  pure  solvent.  Babo  (1848)  and 
Wiillner  (1856)  found,  further,  that  the  depression  of  the 
vapor- pressure  is  proportional  to  the  amount  of  solute 
present;  and  jor  the  same  solution  the  depression  for  any 
temperature  is  the  sam^  fraction  of  the  vapor- pressure  o) 
the  pure  solvent. 

If  p  is  the  vapor-pressure  of  the  pure  solvent,  //  that 
of  the  solution,  and  w  the  percentage  of   solute,  then 

P 

p-f 
where  k  is  the  relative  depression,  — - — ,  for  a  1%  solution. 


i 
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laoult  in  1887  found  that  a  more  general  relation  is 
obtaiaed  if  the  relative  depression  is  determined  for  i 
mole  of  substance  in  a  certain  amount  of  solvent.  By 
experiment  he  found  that  all  solutions  containing  one 
mole  of  substance  in  a  certain  weight  of  solvent  possesses 
the  same  vapor-pressure;  i.e.,  the  molecular  depression 
of  the  vapor- pressure  is  constant  for  all  substances  in  the 
same  solvent.  Further,  he  found  that  solutions  of  equi- 
niolecular  amounts  of  substance  in  equal  weights  of 
different  solvents  give  relative  depressions  of  the  vapor- 
pressure  which  are  proportional  to  the  m^olecular  weights 
of  the  solvents.  This  shows  that  the  vapor-pressure 
depends  upon  the  relative  number  of  moles  of  the  solute 
and  solvent. 

Raoult  sunmied  up  his  results  as  follows:  One  mole 
of  atty  substance  dissolved  in  100  moles  of  any  solvent 
causes  a  1%  depression  of  the  vapor- pressure.  (Here 
^e  riximber  of  moles  of  solvent  is  calculated  from  the 
gaseoxas  molecular  weight.) 

Thtis  law  may  also  be  expressed  in  another  form: 
The  1/apor- pressure  of  a  solution  is  to  that  of  the  pure  sol- 
vent a^  the  number  of  moles  of  the  solvent  is  to  the  total 
number  of  moles  present  in  the  solution,  i.e.  ,of  solvent  plus 
solute. 

For  very  dilute  solutions  the  number  of  moles. of  the 
solute  is  so  small  in  comparison  with  that  of  the  solvent 
that  the  ratio  becomes  one,  i.e.,  the  vapor-pressure  of 

tiie  solution  is  practically  the  same  as  that  of  the  solvent. 
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Some  of  Raoult's  results  for  ethereal  solutions  (Zeit.  ^• 
phys.  Chem.,  2,  353-373,  1888)   are  given  below,  ai^^ 
will  serve  to  show  the  truth  of  his  two  simple  laws  goven^' 
'  ing  the  vapor-pressure  of  a  solution: 


Moles  of  dis- 

c  u  *                         solved  sub-  P~P 

Substance                     .  — r — 

in  ether                     stance  per  p 

100  moles  of  for  solution, 
solution. 

Turpentine 8.95  0.0885 

Methyl  salicylic  acid.. .      2.91  0.026 

Methyl  benzoic  acid. . .      9.60  0.091 

Benzoic  acid 7*i7S  0.070 

Trichloracetic  acid ....    11.41  0.120 

Capryl  alcohol 6.27  0.070 

Aniline 7.66  0.081 


p-£ 

P 

for  a  I  mol^ 
per -cent 
solution 

0.0099 
0.0089 
0.0095 
0.0097 
0.0105 
0.0 1 10 
0.0106 


Moles  of  dis- 
ci »    ^  solved  sub- 
Substance  . 

^,  stance  per 

in  ether.  ,*^      r 

100  moles  of   Observed, 
solution. 

Turpentine 5.9  0.94 

12.1  0.881 

Nitrobenzene 6.  0.945 

Aniline 3.85  0.96 

-  '*      7-7  0.923 

Ethyl  benzoic  acid ....     4.9  0.949 

**  — .     9.6  0.909 


P 


Calculated. 

0.941 
0.879 
0.940 
0.961 
0.923 

0-951 
0.904 
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We  thus  obtain  another  definition  of  the  molecular 
weight  of  a  substance  in  solution,  and  this  as  far  as 
we  know  agrees  perfectly,  for  dilute  and  moderately  con- 
centrated solutions,  with  our  previous  one  based  upon 
osmotic  pressure.     According  to  it  the  molecular  weight 
of  d  substance  in  solution  is  that  weight  which  in  loo 
formula   weights    of   the    solvent    depresses    the    vapor- 
pressure  of  this  one  hundredth  of  its  value, 

rxpressing  the  abo\e  laws  as  equations  we  obtain 


p' 

p 

N 
~N+n 

p- 

-p' 

n 

p        N+n 

m 

^'^t^^re  N  is  the  number  of  moles  of  the  solvent  and  n 
^^   tiVie  number  of  moles  of  the  solute. 

^-^hese  equations  will  only  hold  when  the  solute  is  non- 

'^^Ict.Mky  2L  condition  which  is  practically  fulfilled  when 

^^^     toiling-point  is  140°  above  that  of  the  solvent,  and 

^'^l^^n  n  represents  the  correct  number  of  moles  in  solu- 

^^^*^-    The  value  of  N  here  is  the  number  of  formula 

^^^ights  of  solvent,  i.e.,  the  weight  in  grams  divided  by 

^^     molecular  weight  of  the  solvent  in  the  gaseous  state; 

^    ^^f  course  being  the  weight  of  solute  (in  the  solvent) 

^^v^ided  by  its  molecular  weight  in  the  solution, 

'or  the  direct  determination  of  the  molecular  weight 
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it  is  more  convenient  to  use  an  altered  and  easily  ^ 
rivable  form  of  these  equations,  i.e., 

p—p'     n 
p'       N' 

according  to  which  tlte  depression  of  the  vapor-presst* 

is  to  the  vapor-pressure  of  the  solution  as  the  number 

moles  of  solute  is  to  the  number  of  moles  of  solvent, 

w 
Since  w  =  — ,  where  w  is  the  weight  of  solute  and 
m  ° 

W 
its  molecular  weight  in  the  solution,  and  A7'  =  — ,  If  r 

ferring  to  the  solvent  as  a  gas,  we  have 

p  —  p'     wM  wM     y 

or    w  = 


p'        mW  W    p-p' 

Example. — ^A  solution  of  2.47  grams  of  ethyl  ber 
zoate  in  100  grams  of  benzene  has  a  vapor-pressure  c 
742.6  mm.  of  Hg,  while  pure  benzene  has  one  ( 
751.86  mm.,  both  at  80°  C.  Find  the  molecular  weigl 
of  ethyl  benzoate.  71/  =  2.47,  A/ =78,  PF  =  ioc 
^  =  742.6,  ^  =  751.86,  p  —  p^=g.26;  hence  m  =  i^4 
while  from  the  chemical  formula  we  find  C6H5COOC2H 
=  150. 

Biddle  (Am.  Chem.  J.,  29,  341,  1903)  gives  a  dii 
ferential  method  for  determining  the  diflference  in  vapoi 
pressures  of  pure  solvent  and  solution  (i.e.,  p  —  f)  fo 
any  concentration    and    suggests    calculating  this    to 
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inole  of  substance  in  icx>  grams  of  solvent,  and  using 
it  as  the  molecular  depression  of  the  vapor-pressure. 
In  this  way,  of  course,  it  is  possible  to  determine  molec- 
ular weights  of  other  substances  in  that  solvent  by  the 
use  of  a  simple  proportion.  Thus  we  would  find  {p  —  f) 
for    I  mole:(^— ^)  found:  iiijc,  and  x  would  represent 

,  w 

"le    number  of  moles,  i.e.,  — ,  contained  in  100  grams  of 

m 

^^    solvent.     Klnowing  the  weight  w^  it  is  then  easy  to 

calculate  m,  the  molecular  weight. 

Lewis  Q.  Am.  Chem.  Soc,  30,  668-683,  1908)  calls 

attention  to  the  fact  that  these  laws  of  Raoult   (with 

S-Hotlier  mentioned  later)  are  probably  the  most  accurate 

^^   have  for  the  behavior  of  substances  in  solution,  for 

^^    van't  HofiF  osmotic  pressure  law  gives  absurdly  low 

resixlts  for  very  high  concentrations,  and  the  Morse  and 

^^^er  modification  gives  abnormally  high  values  at  very 

^Sh   concentrations.     In  fact,   according  to  Lewis,  os- 

^^^tic  pressures  at  very  high  concentrations  can  be  more 

^^^virately  determined  indirectly  from  the  vapor-pressure 

^^ix  is  possible  by  direct  measurement.     For  this  piir- 

P^s^  he  derives  the  equation 

p-iaP2=__  log,  i;, 

^^    "Vv^hich  P  is  the  osmotic  pressure,  a  the  coefficient  of 
^^^^pressibility  of  the  solvent,   Vq  its  molecular  volume 
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(volume  of  i  mole),  and  p  and  p'  are  respectively  the 

vapor-pressure  of  pure  solvent  and  solution. 

In  case  it  is  desired  to  find  the  osmotic  pressure  at  a 

temperature  other  than  that  at  which  p  and  p'  are  meas- 

i? 
ured,  use  must  be  made  of  the  equation  P—q^T-77p 

where  q  is  the  heat  of  dilution,  i.e.,  the  heat  evolved  when 
I  cc.  of  solvent  is  added  to  a  large  quantity  of  the  solution. 

When  both  solvent  and  solute  are  volatile  it  is  still 
possible  to  calculate  the  vapor-pressure  of  the  mixture 
under  certain  conditions.  The  conditions  here  are 
these:  That  no  chemical  reaction  takes  place  between 
the  solvent  and  solute,  and  that  the  molecular  weight 
in  the  liquid  state  is  ihe  same  as  that  in  the  gaseous 
state,  for  both  solvent  and  solute. 

Since  in  such  a  case    the  vapor-pressure   of   each  ^ 
depressed  by  the  other  we  can  find  the  total  vapor-pres- 
sure  by  subtracting  from  the  sum  of  the  vapor-pressures 
(i.e.,  assuming  that  neither  affects  the  other)  the  sU^ 
of  the  effects  of  each  on  the  other.     We  have  then 

/        W2  ni    \  ' 

7:  =  pi-\-p2—  \pi — ; ^p2 — ; —  /> 

where  the  sub-numerals  distinguish  the  two  constituen't:^ 

the  expressions  — - —    and  ; —     represent  the  mol^ 

fraction  of  each  in  the  mixture,  and  the  terms  withji- 
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parenthesis  are  obtained  from  the  second  of  the  equa- 
5  above,  considering  each  liquid  in  turn  as  the  solvent, 
rearrangement  this  formula  becomes 


til  fl2 


W1+W2  W1+W2' 

re  the  two  terms  represent  the  partial  pressures  of 
constituents  in  the  mixture^  or, 

and  P2'  being  the  partial  pressures  of  each  in  the 

ture  (i.e.,  yi — ^ —  and  p2 — ; — I,  pi  and /^2  having 
\       '  ^  ni+«2  ^ %i+W2/    ^  ^  ^ 

resented  the  vapor-pressures  at  that  temperature  of 
pure  substances  as  measured  alone. 
ince  by  Dalton's  law  the  total  pressure  is  equal  to 
sum  of  the  partial  pressures,  and  these  by  definition 
^gadro's  law)  are  dependent  upon  the  number  of 
s  in  the  gaseous  space,  we  have  (see  p.  30) 

pi'         «i'  ,     P2'         «2' 

and 


7:      Wi'-|-W2'  n      til  -\-n2 

■  ^bove  equations  only  hold  strictly  for  solutions  of 
''  "vhich  act  normally.  In  case  they  do  not  behave 
^^)  by  an  appropriate  change  in  the  formula,  their 
may  be  expressed  with  some  accuracy.  Since 
50  gives  no  general  relation  for  all  substances, 
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but  necessitates  the  knowledge  of  specific  constants  for 
each  we  shall  not  consider  it  here. 

For  iurther  mformation  on  this  subject,  see  Zawidski, 
Zeit.  f.  phys.  Chem.,  35,  129,  1900;  Gerber,  Dissertation, 
Jena,  1904;  Marshall,  Trans.  Chem.  Soc.,  89,  135I1 
1906;  Latty,  iUd.f  92,  1957,  1907;  and  Bose,  Phys. 
Zeit.,  8,  353,  1907. 

An  example  of  the  application  of  these  relations  is 
given  by  a  mixture  of  benzene  and  ethylene  chloride  at 
49°.99  C.  The  sub-numeral  i  refers  throughout  to  the 
benzene. 

29.79  moles  of  ethylene  chloride,  of  which  the  vapor- 
pressure  {p2)  is  236.2  mm.  are  mixed  with  70.21  of  benzene^ 
pi  =  268  mm.  What  is  the  total  vapor-pressure  of  the 
mixture  ?    We  find 

7t  =  268  XO.702I  +  236.2  XO.2979  =  258.42, 

the  observed  value  being  259  mm. 

The  molar  fraction  (i.e.,  moles  of  each  to  total  moles)  of 

each  liquid  in  the  gases  distilling,  then,  is  readily  found  by 

dividing  the  pressure  of  the  constituent  in  the  vapor  by 

the  total  pressure,  these  being  proportional  to  the  moles 

of.  constituent  in  the  vapor  to  the  total  moles.     We  have 

then 

268X0.7021 


258.42 

and 

236.2X0.2979 


=0.728 


o  0.272. 

258.4  '  ' 
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..e.,  the  distillate  from  the  solution  containing  29,79 
molar  per  cent  of  ethylene  chloride  and  70.21  molar  per 
cent  of  benzene,  contains  27.2  of  ethylene  chloride  and 
72.8  of  benzene. 

40.  Increase  of  the  boiling-point. — Since  the  vapor- 
pressure  of  a  solvent  is  depressed  by  the  solution  6f  a 
substance  in  it,  the  boiling-point  must  also  increase,  so 
that  from  this  term  it  is  also  possible  to  define  the  mo- 
lecular weight  of  the  substance  dissolved.  It  has  been 
found  empirically  that  each  mole  of  substance  in  solution 
increases  Ike  boiling-point  of  1000  grams  of  solvent  by  an 
^"lount  dependent  only  upon  the  nature  of  the  solvent, 
"fld  independent  of  the  nature  of  the  substance  in 
^oluiion.  This  constant  we  shall  designate  by  the  letter  • 
K- 

The  value  of  Ki,p,  for  any  one'  solvent  can  be  found 
by  experiment;    or  the  existence  of  such  a  boUing-point 
constant  can  be  readily  shown,  and  its  value  calculated 
by  the  application  of  the  second  law  of  thermodynamics  . 
to  the  system. 

Assume  a  very  large  amount  of  a  solution  in  which 
there  is  i  mole  of  substance  to  each  1000  grams  of  solvent. 
To  separate  1000  grams  of  pure  solvent  from  this  very 
large  amount  of  solution  by  isothermal  osmotic  work  at  1 
the  boiling-point  of  the  pure  solvent,  T,  would  require 
by  definition,  the  work  equivalent  to  2T  cals.,  provided  \ 
he  heat  of  solution  is  negligible,  i.e.,  that  no  heat  need 
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be  added  or  removed  during  the  process  to  retain  the  tem- 
perature constant  at  T. 

To  transform  this  looo  grams  of  liquid  solvent  into 
vapor  at  T  would  now  require  looo  We  cals. 

If  this  work  is  to  be  done  simply  by  the  transformation 
of  heat,  it  is  quite  evident  that  the  heat  must  be  absorbed 
at  a  higher  temperature  than  T\  i.e.,  to  cause  the  cona- 
plete  separation  to  take  place  by  boiling,  the  solution  must 
boil  at  a  higher  temperature  than  the  pure  solvent,  and 
just  so  much  higher  that  the  heat  of  evaporation  of  tli^ 
pure  solvent  at  T,  looo  w^,  can  do  the  work  2T  cals.  ^^ 

m 

have  then  (p.  58), 

2T       AT 

lOOCfWe       T 

or 

.  0.002  r\p. 

'"'  "  vie  '^'^^P' 

• 

The  boiling- point  constant,  the  increase  of  the  boilinS" 
point  of  1000  grams  of  any  solvent  due  to  tJte  presence  of 
I  mole  of  substance  in  solution,  is  equal  to  0.002  times  the 
square  oj  the  absolute  boiling-point  of  the  solvent,  divided 
by  its  heat  of  evaporation  for  i  gram. 

The  value  of  this  constant,  K^p,  is  one-tenth  of  thai 
of  the  conventional  molecular  increase  of  the  boiling-point 
(which  refers  to  i  mole  in  100  grams),  and  is  perhaps  to 
be  preferred,  for  it  shows  more  clearly  than  that  the 
limitations  of  the  boiling-point  law.    It  will  be  seen  from 
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rivation  that  the  law  can  only  be  expected  to  hold 
under  the  following  conditions:  (i)  the  heat  of 
n  must  be  zero,  or  the  solution  so  dilute  as  to  make 
'igihle;  otherwise  the  osmotic  work  of  separation 
e  larger  or  smafler  than  2  J"  cals.  per  mole;  (2) 
re  solvent  alone  must  vaporize;  and  (3)  the  solution 
)e  so  dUute  that  the  gas  laws  hold,  and  pV  really 
RT. 

urally,  in  calculating  if^.p.  for  a  solvent  for  which, 
e  heat  of  evaporation  is  unknown,  we  can  substitute 
ue  in  other  terms.  Thus  Innes  (Proc.  Chem.  Soc, 
-28,  1902)  advocates  the  substitution  for  w^  of  its 

Jp     2T^ 

as  given  above  (p.  76),  '^e='7f~ZTf}  and  obtains 

0.002  T^     JT   pM 
*P' ^  Jp   2T^^~Ip  *  1000 ' 
If'  pM 

3re,  is  the  change  in  boiling-point  per  unit  change 

^rnal  pressure;  M  is  the  molecular  weight  of  the 

t  as  a  gas,  while  p  is  the  pressure  causing  this 

;-point.     Of  course  Jp  and  p  must  be  expressed 

same  imits. 

kalotos  (C.  r.,   144,   1104-1106,   1907)   substitutes 

its  value  according  to  the  Trouton-Nemst  equa- 

1.  69,  footnote)  and  finds 

M 


logr 

4750-^^ — 3-5 
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•  • 

from  which  Ki,p^  can  be  calculated  for  any  solvent  simply 
from  its  boiling-point  and  molecular  weight  as  a  gas. 
It  also  possible,  of  course  ,to  substitute  for  w^  its  value 
according  to  the  Trouton-Bingham  relation  (p.  69). 
We  obtain,  then, 

These  two  latter  equations,  however,  will  only  give 
correct  values  for  K^p,  when  they  give  correct  values  for 
Wg,  which  they  only  do  when  the  solvent  is  unassociated. 

In  general  the  values  of  Kj,  p  found  by  experiment  agree 
with  those  calculated  by  the  relation 

0.002  r^ 

It  wiU  he  seen  that  any  liquid  can  he  used  as  the  solvent 
in  the  boiling-point  method  so  long  as  it  is  not  a  solutio^f 
judged  by  the  formation  of  a  gaseous  phase,  i.e.,  so  long(^ 
the  vapor  it  sends  off  when  pure  is  of  the  same  composUio^ 
as  the  liquid  it  leaves  behind,  (See  Beckmann,  Zeit  t 
phys.  Chem.,  53,  129-137;  and  58,  S43-SS9-) 

Knowing  K^^p^  for  any  liquid  it  is  easy  to  calculate  the 
increase  of  the  boiling-point  due  to  the  addition  of  any 
small  amount  of  substance  dissolved  in  the  solvent 
All  that  is  necessary  is  to  find  by  a  proportion  from  th? 
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ita  the  number  of  moles  of  substance  in  1000  grams  of 
Jvent,  and  then  by  another  proportion  to  find  the  in- 
ease  from  the  known  increase  due  to  the  presence  of 
mole  in  1000  grams. 

Thus  it  is  found  that  a  solution  of  2.0579  grams  of 
)dine  in  30.14  grams  of  ether  cLuse  an  increase  in  the 
oiling-point  of  o°.566.  What  is  the  molecular  weight 
>f  iodine  in  ether  ?    K^^.p,  =  2°.  1 1 . 

The  number  of  grams  per  1000  grams  is  first  foimd 
:roin  the  proportion 

30.14:1000:  :2.os79::x;. 

Since  M  grams  per  1000  gram  would  give  an  increase 

rf  2°.ii,  M  the  molecular  weight  can  be  found  from  the 

Proportion 

:x;:o.566:  :M:2.ii, 

^'y  Jf=254.  Iodine  in  an  ethereal  solution,  then,  has 
le  formula  I2;  i.e.  its  formula  or  molecular  weight  in  this 
^lution  is  twice  its  atomic  weight. 

M^at  is  the  increase  of  the  boiling-point  of  i.i  grams 
^  sugar  in  76  grams  of  water?    iTtp.  for  water  is  0.52. 

Since  the  molecular  weight  of  sugar  in  water  solution 

s  342,  we  have  the    -  -  mole  in  76  grams  of  water,  or 

^  moles  in  1000  grams  of  water,  where  x  can  be  found 
from  the  proportion 

76:1000: : :x. 

*  342 


172  ELEMENTS  OF  PHYSICAL  CHEMISTRY. 

Then  since  i  mole  of  sugar  in  looo  grams  of  water 

would  increase  the  boiling-point  0^.52,  our  increase  must 

be  y  in 

j:x:  :o.^2:y, 

where  y=o°.022.* 

For  the  method  of  determining  the  boiling-point  and 
its  increase  see  Getman's  "Laboratory  Exercises  in 
Physical  Chemistry,"  Ostwald-Luther's  "  Physiko-chemi- 
cher  Messungen,"  or  Findlay's  "Practical  Physical 
Chemistry/' 

41.  Depression  of  the  freezing-point. — More  than 
one  himdred  years  ago  Blagden  found  by  experiment 
that  the  freezing-point  of  a  solvent  is  depressed  by  the 
addition  of  anv  substance  to  it. 

Just  as  for  the  boiling-point  increase  it  has  been  fouO^ 
empirically  that  each  mole  of  substance  in  solution  d^' 
presses  the  freezing-point  of  1000  grams  of  solvent  by  ^^ 
amount  dependent  only  upon  the  nature  of  the  solved' 
and  independent  of  the  nature  of  the  substance  in  solu^it?^ 
This  constant  we  shall  designate  by  the  letter  Kj^.  A.i^^ 
this  jRT/p.  can  also  be  found  either  by  experiment  or  t>3 
a  calculation  based  upon  the  second  law  of  therii3^' 
dynamics. 

*  The  molecular  weight  or  the  increase  of  the  boiling  point  can  3^^ 

g 

be  found  in  one  operation  by  aid  of  the  equation.     M  =  loooKb.p.  7^^' 

where  g  represents  the  grams  of  substance,  G  the  grams  of  solvent 
J  the  increase,  and  M  the  molecular  weight  of  the  dissolved  substaD^' 
but  the  above  method  will  be  found  much  easier  to  remember. 
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It  can  also  be  shown  qualitatively  and  very  simply 
that  since  the  addition  of  substance  to  a  liquid  lowers  its 
vapor-pressure  it  must  also  lower  its  freezing-point. 

Since  the  ice  which  is  separated  is  the  pure  solvent, 
and  the  freezing-point  is  that  temperature  at  which  both 
solid  and  liquid  may  exist  together  in  equilibrium  in  all 
proportions,  the  vapor-pressure  of  ice  and  liquid  must 
be  the  same.     This  has  already  been  proven,  and  if  it 


Fig.  II. 

W'ere  not  true  a  perpetual  motion  would  be  possible.     In 

^ig.  II  WW  is  the  vapor-pressure  curve  for  water,  ss  that 

ic>r  a  solution,  and  it  that  for  ice.     At  the  point  /  =  o  ice 

^^^d  water  have  the  same  vapor-pressure,  and  so  are  in 

equilibrium.     The  solution  and  ice,  however,  can  only 

"^  in  equihbrium  at  the  temperature  corresponding  to 

^he  intersection  of  the  two  curves,  ii  and  ss^  for  only  there 

^lU  the  vapor-pressure  be  the  same,  i.e.,  the  freezing- 

Point  of  the  solution,  where  ice  and  solution  can  exist 
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together  in  equilibrium,  must  lie  below  that  of  pure 
water.  The  more  substance  in  the  solution,  the  lower 
the  vapor-pressure  curve  will  be,  and  the  lower  will  be 
the  point  of  intersection  and  the  freezing-point. 

The  quantitative  relation  between  freezing-point  de- 
pression and  concentration  of  dissolved  substance  can 
be  derived  just  as  was  that  for  the  boiling-point 
increase. 

Assume  a  very  large  amoimt  of  a  solution  in  which 
there  is  i  mole  to  each  looo  grams  of  solvent. 

To  separate  looo  grams  of  pure  solvent  from  this  very 
large  amount  of  solution  by  isothermal  osmotic  work  at 
r,  the  freezing-point  of  the  pure  solvent  would  require, 
by  definition,  the  work  equivalent  to  27"  cals.,  provided 
the  heat  of  solution  is  negligible,  i.e.,  that  no  further 
heat  need  be  added  or  removed  during  the  process  o^ 
separation  to  retain  the  temperature  constant  at  T. 

The  freezing  of  this  looo  grams  of  solvent  would  evoWe 
at  T  I  GOO  Wf  cals. 

If  now  this  work  of  separation  is  to  be  done  simply  l:>y 
the  transformation  of  heat,  it  is  quite  evident  that  tl^^ 
heat  must  be  evolved  at  a  lower  temperature  than  T,  i.^- 
to  cause  the  complete  separation  by  freezing  out  tb^ 
looo  grams  from  the  solution,  the  solution  must  free^' 
at  a  lower  temperature  than  the  pure  solvent,  and  ju5 
so  much  lower  that  the  heat  of  fusion,  which  is  iooo«y  ^ 
r,  can  do  the  work  2T  cals.    We  have,  then  (p.  58), 


Al 


or 
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2T       AT 

looowf      T 


0.002  rj 

jrn  J.V.  XT 


The  freezing-point  constant^  the  depression  of  the  freezing- 
point  of  1000  grains  of  any  solvent  due  to  the  presence  of 
I  mole  of  substance  in  solution,  is  eqiml  to  0.002  times  the 
sqimre  of  the  absolute  freezing-point  of  the  solvent,  divided 
by  Us  heat  of  fusion  for  i  gram. 

The  value  of  this  X/  p.  is  also  one-tenth  of  the  conven- 
tional  molecular  freezing-point  constant,  and  also  indi- 
cates more  clearly  the  limitations  of  the  method. 

This  law,  from  its  derivation,  can  only  hold  rigidly  under 

the  following  conditions:    (i)   The  heat  of  solution  must 

he  zero,  or  the  solution  must  be  so  dilute  that  the  heat  of 

solution  is   negligible,    otherwise    the   osmotic   work   of 

separation  will  be  larger  or  smaller  than  2T  cals;   (2)   the 

i^Te  solvent,  alone,  must  separate  as  solid  phase;   and  (3) 

iM  soltUion  must  be  so  dilute  that  the  gas  laws  hold,  i.e., 

P^^  must  equM  RT.     (See  Bancroft,  Jour.  Phys.  Chem. 

^0)  319,  1906.) 

Just  as  with  the  boiling-point  the  values  of  X)  p.  found 
^y  this  equation  agree  in  general  with  those  experimentally 
determined. 

^t  ivUl  be  seen  that  any  liquid  can  be  used  as  the  solvent 
^^  the  freezing-point  method  so  long  as  it  is  not  a  solution, 


I 
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judged  by  the  formation  of  a  solid  phase,  i.e.,  so  long 
the  solid  separating  from  the  pure  solvent  has  the  sarw'^^^ 
composition  as  the  liquid  it  leaves  behind.  (Sec  MorgSLXi 
and  Benson,  Jour.  Am.  Chem.  Soc.,  29,  1168-1175,  ^Q^^^^T"' 
and  Morgan  and  Owen,  Ibid.:,  29,  1439-1442,  1907.) 

It  is  also  simpler  in  calculating  molecular  weights  fro  :im 
the  freezing-point  depressions  to  use  two  proportio:Mr:»s 
rather  than  the  formula  usually  employed.*    What  ^s 

the  molecular  weight  of  acetic  acid  in  water?  o.^-^Bi 
gram  in  100  grams  of  water  causes  a  depression  of  t^^tie 
freezing-point  of  o°.2i68;   K/p^  for  water  is  1.89. 

Since  there  are  0.681  gram  in   100  grams  of  wa^^t^^r 

there  must  be  6.81  grams  in  1000  grams  of  water,  aa^iMmd 

we  have 

Af :  1^.89:  :6.8i:o°.2i68, 


hence  M  the  molecular  weight  of  acetic  acid  in  wai-^t^^ 
solution  is  59.4. 

What  is  the  freezing-point  of  3.45  grams  of  glucose  ^^ 
55  grams  of  water?  The  molecular  weight  of  glucose  ^^ 
180  and  X/p  for  water  is  1.89. 

3.45  grams  of  glucose  in  65  grams  of  water  would  t)^ 
X  grams  in  1000  grams  of  water,  where  x  can  be  iovx^*^^ 
from  the  proportion 

3-45 -65  •  -a;:  1000. 


p 

*  M  =  ioooKf,p—-   see  p.  172,  foot-note. 
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X 

We  must  have,  then,  —  moles  of  glucose  in  1000  grams 
^f  water,  and  the  freezing-point  depression  will  be  y  in 


^       o 


i:i°.89::^:y 

Dawson    and   Jackson    (Trans.    Chem.    Soc,    93-94, 

J44— 350,    1908)   have  shown  that  the  lowering  of  the 

^ansition  temperature  of  a  solvent,  i.e.,  the  temperature 

^t   "vvhich  one  solid  modification  of  the  solvent  is  trans- 

^c>rmed  into  another,  can  also  be  used  just  as  the  freezing- 

P^ixit  for  the  estimation  of  molecular  weight  in  solution. 

The  apparatus  for  the  determination  of  the  freezing- 

P^iiit  (or  transition  point)  was  devised  by  Beckmann  and 

^^   shown  in  Fig.  12.     In  the  freezing-tube  A  the  solvent 

vi  5 — ^30  cc.)  is  introduced  and  a  freezing-mixture  (ice  and 

salt)  is  placed  in  C.    The  temperature  is  allowed  to  fall 

^^^til  the  liquid  is  overcooled  i  or  2  degrees ;   then  is  it 

stirred,  ice  forms,  and  the  thermometer  rises  to  the  true 

"^^ezing-point  and  remains 'constant.    The  cause  of  the 

^se  in  temperature  is  the  sudden  formation  of  ice,  which 

gives  up  heat  to  the  liquid.    5  is  a  tube  which  acts  as  an 

^ir-bath  and  causes  the  cooling  to  take  place  more  evenly. 

^ter  the  freezing-point  of  the  pure  solvent  is  determined 

^^   solution   is   introduced   and   the   process   repeated. 

Or  the  solution  may  be  made  in  the  tube  by  dropping  a 
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weighed  amount  of  solute  into  the  known  amount  of  the 
solvent. 

One  point  to  be  kept  in  mind  is  that  the  freezing- 
point  thus  determined  is  of  a  solution  which  is  more 
concentrated  than  the  one  started  with,  for  some  of 
the  solvent  has  been  removed  by  the  freezing.    This 


follows  from  the  fact  that  the  freezing-point  is  th^' 
temperature  at  which  ice  and  solution  exist  together 
in    equilibrium.    The    concentration    of    the    solution 
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due  to  the  separation  of  ice  may  be  calculated  from 
the  overcooling  (see  p.  iii),  for  it  has  been  found  for 
water  that  for  each  degree  of  overcooling  12.5  grams 
of  water  separates  from  each  liter.  Each  degree  of  over- 
cooling, then,  causes  the  solution  to  be  1/80  more  con- 
centraled  than  the  original  one.  If  the  solution  is  dilute, 
we  may  find  the  freezing-point  of  the  original  solution 
by  a  proportion.  Thus  if  the  overcooling  is  1°,  the 
depression  of  the  freezing-point  o.i,  and  v  represents 
Ihe  volume  of  solution,  we  have 

v:(v--^):  :o°.r:w, 

where  x  gives  us  the  depression  of  the  freezing-point 
ciused  by  the  solution  of  the  weighed  amount  of  sub- 
glance  in  the  volume  v,  i.e.,  in  the  volume  of  solvent 
pesent  before  the  separation  of  solid. 

Or,  and  this  will  hold  for  concentrated  as  well  as  dilute 
solutions,  we  may  calculate  from  the  overcoohng  the 
f^"  strength  of  the  solution  in  equih'brium  with  ice, 
'*■.  the  solution  whose  freezing-point  we  have  actually 
•letermined  (see  also  p.  in). 

Thus  in  the  illustrative  example  on  page  176  suppose 
^  overcooling  had  been  2°.  Each  degree  would  have 
ciUsed  the  separation  of  ^4  of  the  water  present,  con- 
*"lUenfly  in  this  case,  in  place  of  really  having  0.681 
of  acetic  acid  in   100  grams  of  water,  we  would 


iJ 
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have  0.681  grams  in  (100  — loo^V)  grams,  which  must 
be  calculated  to  1000  grams  of  water  and  then  used  in 
the  proportion. 

All  these  overcooling  difficulties  may  be  avoided  by 
using  the  simple  method  proposed  by  T.  W.  Richairis 
(Jour.  Am.  Chem.  Soc.,  25,  291-298,  1902). 

Here  the  temperature  of  a  mixture  of  the  solid  and 
liquid  phases  is  noted  after  equilibrium  has  been  estab- 
lished. Then  a  solution  of  the  substance  added,  the 
whole  system,  stirred,  and  the  thermometer  read  again. 
By  analyzing  a  sample  of  the  liquid  phase,  withdra\^Ti 
by  a  pipette  from  the  vicinity  of  the  thermometer 
bulb,  the  strength  of  the  solution,  of  which  the  freezing- 
point  depression  has  been  read,  is  finally  foimd.  This 
method  is  especially  valuable  when  by  the  Beckmann 
method  the  solid  separated  might  contain  solute  as  well 
as  solvent. 

Lewis  (J.  Am.  Chem.  Soc,  30,  668-683,  1908)  con- 
siders the  freezing-point  method  to  be  even  better  than 
that  depending  upon  vapor-pressure  for  the  indirect 
determination  of  osmotic  pressure.  The  formula  he 
derives  for  this  purpose  for  aqueous  solution  is 

P=12X)6J  —0,02lJ^, 

when  P  is  the  osmotic  pressure  in  atmospheres  and  i  is 

the  depression  of  the  freezing-point  in  centigrade  degrees. 

42.  Electrolytic  dissociation  or  ionization. — ^The  mo- 
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r  weights  of  a  very  large  number  of  organic  sub- 
is  in  water  are  found  correctly  from  the  osmotic 
ire  and  the  other  methods  mentioned  above,  i.e., 
:orrespond  to  the  values  in  the  gaseous  state.    For 
substances,  however,  varying  results  are  obtained. 
>smotic  pressures,  freezing-point  depressions,  boiling- 
increases,  and  vapor-pressures  are  here  always  too 
and  consequently  from  our  definitions  the  molecular 
it  is  smaller  than  that  observed  in  the  gaseous  state, 
reminds  one  immediately  of  the  abnormal  densities 
ses.    In  the  case  of  the  gas  the  volume  increases  and 
ressure  is  constant;  in  that  of  the  solution,  however, 
olume  remains  constant,  while  the  osmotic  pressure 
jes. 

L'henius,  in  attempting  to  find  an  explanation  for  the 
rmal  osmotic  pressures,  found  by  experiment  that 
substances^  and  only  those,  which  give  abnormal 
Ik  pressures  in  solution  are  capable  of  conducting 
iectric  current,  and  if  they  are  dissolved  in  other 
nts  in  which  they  behave  normally  they  lose  this  power. 
rhenius  determined  the  electrical  conductivity  of 
lubstance  in  terms  of  molecular  conductivity.  The 
cular  conductivity  of  a  solution  being  defined  as 
•eciprocal  of  the  resistance  (in  ohms)  of  the  volume 
juid  which  contains  one  formula  weight  of  the  sub- 
:e,  i.e.,  the  weight  of  the  generally  accepted  formula, 
electrodes  being  t  cm.  apart  and  large  enough  to 
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coniain  between  them  the  entire  amount  of  solution. 
This  value,  naturally,  it,  not  found  directly,  but  is  calcu- 
lated from  that  value  found  for  a  centimeter  cube  of  the 
solution.  (See  Chapter  IX.)  In  this  way,  always  having 
I  mole  (according  to  the  accepted  formula)  between  the 
electrodes,  he  found  that  the  more  dilute  the  solution  the 
greater  is  the  molecular  conductivity.  In  many  cases, 
indeed,  he  was  able  to  reach  such  a  dilution  that  the 
molecular  conductivity  attained  a  maximum  value,  whidi 
is  unaffected  by  further  dilution.  This  molecular  con- 
ductivity at  infinite  dilution,  as  it  is  called,  is  designated 
by  the  term  //^,  that  value  for  any  dilution  F,  being 
designated  by  /£,,. 

From  this  it  is  apparent  that  the  solution  imdergpes 
some  kind  of  a  change  as  the  result  of  dilution;  and  the 
investigation  of  such  solutions  at  various  dilutions  shows, 
indeed,  that  the  molecular  weight  (according  to  definition) 
also  changes  with  the  dilution;  the  molecular  weight 
decreasing  to  a  minimum  constant  value,  which,  for  binary 
electrolytes,  is  one-half  the  formula  weight  of  the  sub-  - 
stance  dissolved.  It  is  not  unreasonable,  then,  to  infer 
that  the  breaking  down  of  the  formula  (and  consequently 
of  its  weight)  of  the  substance  in  the  solution  is  very 
intimately  connected  with  the  power  it  possesses  of  con- 
ducting the  electric  current. 

These  facts  formed  the  starting  point  of  what  is 
known  at  present  as  the  "thcor}'  of  electrolytic  ^i^/od- 
ation." 
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As  this  theory  to-day  is  much  misunderstood  by  many, 
Md  k  the  subject  of  much  spcciolation  on  the  part  of 
others,  it  will  be  necessary  for  us  to  consider  carefully 
just  what  is  fact  and  what  assumption,  and  to  see  clearly 
whidi  portions  are  hypothetical,  and  which  are  destined 
to  remain  under  any  hypothesis  or  lack  of  hypothesis; 
in  other  words,  which  are  experimental  facts.    It  may  be 
said,  however,  that  that  which  is  hypothesis  in  this  theory 
is  unessential,  as  far  as  the  use  of  the  data  is  concerned, 
sud  the  only  hypothesis  present,  as  we  shall  consider  it, 
that  inherent  in  the  terminology,  which  is  a  relic  of  the 
Uomistic  hypothesis  and  so  utterly  beyond  our   power 
either  to  prove  or  disprove. 
The  salient   facts  which  have   been  grouped   in   this 
for  it  is  a  theory  in  the  sense  that  it  is  a  law  of  ) 
holding  between  certain  limits,  although  these  a 
as  yet  definitely  fixed,  are  as  follows: 
,1)  The  molecular  conductivity  of  certain  substances 
Di  water  is  found  to  increase  up  to  a  maximum,  constant 
value,  and  this  increase  is  the  result  of  dilution. 

{2)  Those  solutions  which  conduct  the  current  also 
pve  abnoraial  osmotic  pressures,  freezing-point,  boiling- 
pointa,  and  vapor-pressures;  in  other  words,  the  molec- 
lar  weight  (according  to  the  above  definitions)  decreases  - 
''til  increased  dilution  and  finally  reaches  a  minimum 
•"tE,  which,  for  binary  electroyltcs,  is  one-half  the 
*wpted  formula  weight  of  the  substance. 
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(3)  Those    substances   which    in   water    conduct   the 
current  and  give  abilotmal  osmotic  pressures,  depressions 
of  the  freezing-point  and  vapor-pressure,  and  increases  of 
the  boiling-point,  give  normal  osmotic  pressures,  etc.,  when 
dissolved  in  other  solvents  in  which  they  do  not  conduct 

(4)  The  nearer  the  value  of  /£„  is  to  that  of  fi^y  the 
more  abnormal  the  value  of  the  osmotic  pressure,  etc 
(formula  weight),  of  the  solution.    And  the  solution  for 
which   jw^   is  found   also  gives  the   maximum  osmotic 
pressiwe,  i.e.,  the  minimum  molecular  or  formula  weight. 

(5)  The  molecular  conductivity  of  a  solution  at  infinite 
dilution  is  an  additive  value,  i.e.,  is  equal  to  the  sum  of 
the  conductivities  of  the  substances  of  which  it  is  oovor 
posed.    The  meaning  of  this  is  as  follows:  The  molec*!' 
lar   conductivity   at    infinite    dilution    of,    for   example* 
potassium  chloride  plus  that  of  nitric  acid  minus  that  ^' 
potassium  nitrate  is  found  to  be  equal  to  that  of  hydro* 
chloric  acid.     In  other  words. 

For  this  to  be  true,  and    it  is  true  in   general   for   ^ 
substances,  it  is  necessary  that  the  molecular  condu^' 
tivity  of  each  substance  in  solution  be  the  sum  of  tt^ 
values  which  are  independent  each  of  the  other.     Chlorine, 
for  example,  as  the  constituent  of  an  electrolyte,  at  thf 
dilution  giving  /£«,  has  the  same  conducting  effect  whfi 
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part  of  a  compound  with  one  element  as  it  has  when 
combined  with  any  other.     It  is  possible,  then,  to  j&nd 
the   value  of  jWoo   for  any  binary  electrolyte  when    the 
values   for  the  elements  composing  it  are  known.     In 
other  words,  the  conductivities  of  the  solution  as  pro- 
duced by  the  presence  of  any  element  can  be  calculated; 
and  from  these  values,  by  summation,  the  value  of  fioo 
for  any  binary  electrol)^e  can  be  found. 

(6)  When  a  solution  is  electrolyzed,   the  products  of 

dectrolysis   appear  instantaneously  at  the   electrodes  so 

soon  as  the  circuit  is  completed.     This  indicates  (since 

the  solvent,  water,  does  not  conduct  beyond  a  very  small 

extent)  that  whatever  does  carry  the  current  through 

the  liquid  is  charged  with  electricity  even  before  the 

current  is  applied,  for  the  conduction  is  due  to  the  dis- 

i     solved  substance,   and  the  speed  of  movement  of  the 

substance  can  be  measured,  so  that  it  is  no  question  of 

Blatter  being  electrically  charged  at  one  electrode  before 

carrying  this  charge  bodily  through  the  solution  to  the 

\,    other.    (See  Chap.   IX.)     Further,  it  is  observed  that 

[    the  same  amount  of  electricity,  96537  coulombs,  is  neces- 

f    sary  for  the  separation  of  one  equivalent  weight   (in 

[  .grams)  of  any  element;   in  other  words  that  96537  cou- 

l    lomhs  of  electricity  are  transported  through  the  liquid 

with  each  equivalent  weight  (in  grams)  of  an  element 

deposited.     (Faraday's  Law,  see  Chapter  IX.) 

(j)  The  properties  of  electrolytes  are  found  to  be  the 
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sum  of  the  properties  of  the  products  observed  during 
electroylsis.    Thus  any  solution  giving  off  chlorine  on 
electrolysis,  excluding  secondary  reactions,  will  precipi- 
tate silver  from  its  solution  as  the  chloride.     And  if 
chlorine  cannot  be  produced  in  any  way  by  the  dec- 
trolysis,  silver  will  not  be  precipitated  as  chloride  from 
its  solutions.    And,  on  the  other  hand,  silver  is  only 
precipitated  by  chlorine  when  contained   in  a  solution 
from  which  silver  can  be  deposited  by  the  current  by 
primary  action. 

The  catal)^ic  effect  of  acids  on  the  inversion  of  sugax 
as  well  as  on  the  decomposition  of   methyl  acetate,  is 

found  to  be  proportional  to  the  ratio  —  for  the  acicJ; 

/£oo 

and  when  a  large  amount  of  a  salt  of  this  acid  is  adde<l 
to  the  acid  this  effect  is  decreased.  But  this  is  only 
true  when  the  salt   added  is  an  electrolyte. 

All  copper  solutions,  when  very  dilute,  show  the  satrx^ 

blue  color,  and  this  also  depends  upon    the  ratio  -^  ' 

and  can  also  be  changed,  as  the  effect  of  acids  wef^ 
above,  by  the  addition  of  a  large  amoimt  of  an  elec^' 
trolyte  which  contains  the  same  acid,  radical  as  the  cof>' 
per  salt  in  question. 

(8)  Observation  shows  that  when  an  element  is  sepa-" 
rated  on  one  electrode,  anode  or  cathode,  it  is  alway^^ 
separated  on  that  one  by  primary  action;  in  other  word^:^ 
the  sign  of  the  electricity  transported  by  an  element  i 
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always  the  same.*  Unless  an  element  in  the  pure  state, 
when  dissolved  in  water,  reacts  with  the  water  it  does 
not  conduct  the  current.  This  circumstance  is  assumed 
to  be  due  to  the  fact  that  only  one  kind  of  electricity 

could  be  carried  by  the  substance,  and  hence  it  produces 

no  conduction.  ■ 

The  question  now  arises  as  to  what  theory  can  be 
found  to  correlate  these  facts  and  observations  so  that 
the  generalization  thus  obtained  may  be  employed   to 
foresee  other    facts,  and  applied  to  other  observations 
t&at  they,  in  their  turn,  may  be  elucidated  and  general- 
^d.     By  the  word  theory,  then,  we  do  not  mean   a 
h)pothesis,  in  which  something   not  observed   is  added 
to  the  facts  to  "explain''  them,  but  only  a  generalization 
of  observed  facts.    In  other  words,  what  law  of  nature, 
holding  within  definite,  if  narrow,  limits,  can  be  obtained 
frora  the  above  experimental  facts  when  considered  to- 
gether? 

The  generalization  which  has  been  made  from  these 

'3^ts  is  known  as  the  theory  of  electrolytic  dissociation, 

^^y   considering   those   portions   which   are   free   from 

hyj>othesis  and  fulfil  the  above  conditions,  (in  other  words, 

o^tting  the  h)TX)thetical  portions  which  it  has  attained 

since  the  time  of  its  inception),  we  find  in  it,  within  cer- 

^^1^  limits,  a  definite  law  of  nature. 

The  principal  points  of  this  theory  are  summarized 

*  See  Le  Blanc,  Z.  f.  Elektrochem.,  11,  813-818,  1905. 
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below    in  brief  form,  and  will  each  be  expanded  in  the 
later  portions  of  the  book. 

A     substance     in     solution,    which     conducts    the 
electric  current,  is  dissociated  or  ionized  into  its  ca^' 
stituents,  and  these  constituents,  when  secondary  actioi^ 
are    excluded,    appear    at    the    electrodes    during  el^^' 
trolysis.    The   extent  of  the   ionization  or  dissociation^ 
in  any  solution  being  given  at  the  dilution  V  (numl>^i' 

of  liters  in  which  i  mole  is  dissolved)  by  the  ratio  —  = 


These  products  of  ionization  or  dissociation 
charged  with  electricity,  96537  coulombs  being  carrit 
by  the  gram  equivalent  of  any  element  (see  (6)  above?)- 
A  further  proof  of  this  .charged  state  of  ionized  matter 
is  given  by  the  fact  that  not  only  is  the  current  carried 
by  a  solution  dependent  upon  the  number  of  gram  equiv^i^- 
lents  transported,  but,  as  we  shall  see  later,  any  oth^i' 
means  of  depositing  the  constituents  of  the  solutio^^ 
upon  the  electrodes  liberates  an  amount  of  electricity 
which  depends  also  upon  the  number  of  gram  equiv^-- 
lents  deposited.  And  all  cells  in  order  to  give  a  currer^* 
must  contain  electrolytes,  i.e.,  solutions  which  are  ionized* 

Since  a  solution  which  by  conductivity  is  shown  to  b>^ 
completely  ionized,  or  practically  so,  leads  to  a  moIectX' 
lar  weight,  byosmotic  piessure  or  any  of  theother  method^^ 
of  one-half  the  value  expressed  by  the  formula  weight^^ 
then,  from  the  case  of  hydrochloric  acid  in  solution,  wher^ 


SOLUTIONS.  189 

tte  formula  weight  of  the  hydrogen  and  chlorine  in  the 
fanic  state,  according  to  our  definition  of  molecular 
weight,  must  be  synonymous  with  the  atomic  weight. 

The  ionic  state,  then,  is  an  allotropic  form  oi  the 
orciinary  state  of  the  constituents,  and  differs  from  that 
in  teing  charged  with  electricity,  in  having  less  energy 
thsLxi  when  in  the  gaseous  state,  and  in  always  being  trans- 
formed into  the  ordinary  state  on  the  loss  of  its  charge 
of  electricity. 

Since  the  constituents  in  the  case  already  mentioned, 

and    in  general  in  all  cases,  show  a  molecular  weight 

(by  the  definition)  which  is  the  same  as  the  atomic  weight, 

it  IS  possible  to  determine  a,  the  degree  of  ionization,  by 

osmotic  pressure,  etc.,  measurements,  or  from  the  average 

niolecular  weight  of  the  substance  in  solution,  as  deter- 

niined  by  osmotic  pressure  or  any  of  the  other  methods. 

If>    for  example,  we  start  with  one  formula  weight  of 

hydrochloric  acid  in  a  solution,  and  a  moles  of  it  are 

ionized,  the  total  number  of  moles  will  consist  of  (i— a) 

of  un-ionized  HCl  and  a  moles  each  of  H*  and  CI'  (where 

the   dot  indicates  positive  electricity  as  the  charge,  and 

the  accent  negative).    The  total  number  of  moles  in  the 

volume  of  the  solution  will  go  then  from  i  to  (i  —a)  +2a, 

i-e-,  to  I -fa,  and  the  ratio  of  osmotic  pressures  when 

I      entirely  un-ionized  to  that  when  partially  ionized  will  be 

tte  same  as  this.    In  other  words,  if  the  formula  weight 

"1 3.  certain  volume  should  give  the  osmotic  pressure  P', 
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it  will  give,  when  ionized  to  the  extent  a,  the  pressure 
P  =  (i  +a)P'.  Since  the  number  of  moles  (by  definition) 
shown  by  the  same  weight  is  thus  increased,  the  molecular 
weight  will  be  smaller,  and  we  have  as  the  relation  between 
the  two  values  of  the  molecular  weight:  if'(iH-a)=lf, 
where  the  M  refers  to  substance  if  it  were  un-ionized,  i.e., 
is  the  formula  weight  of  the  substance,  and  if'  is  the 
average  molecular  weight  observed. 

Just  as  with  gaseous  dissociation,  the  ionization  of 
a  solution  is  affected  by  the  presence  of  one  of  the 
products  of  the  dissociation,  and  later  when  we  consider 
the  quantitative  effect  of  this  for  gases,  we  shall  also 
consider  it  for  solutions. 

Owing  to  the  fact  that  the  dissociated  constituents 
in  a  solution  were  called  ions  (in  the  Faraday  sense  oi 
charged  atoms),  it  has  become  common  to  speak  of  aii<J 
to  represent  the  ionized  state  as  though  it  were  character- 
ized by  an  atomic  structure;  in  other  words,  as  if  it  existeo 
as  an  accumulation  of  charged  particles  of  infinitesim^ 
size.  As  this  is  pure  hypothesis,  and  cannot  be  either 
proven  or  disproven,  we  shall  only  use  the  word  ion  hereif^ 

the  sense  that  it  is  expressive  of  the  relation  — ,  i.e.,  we  shoU 

•00 

only  use  it  in  the  sense  of  ionized  matter,  according  to  this 
definition,  and  as  purely  expressive  of  an  experimentally 
determined  fact. 

Summarizing  our   argument,   the   application  of  the 
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experimental  definitions  of  formula  or  molecular  weight 
in  solution  (derived  as  given  above)  indicates  that  certain 
substances  are  decomposed  in  certain  solvents,  the  frac 
tion  decomposed  being  a  in  the  expressions  M'{i  +«)  =M 

according  to  any  9f  the  methods)  and  a  =  — ,  and  increas- 
ing with  the  dilution  up  to  the  value  which,  for  binary 
electrolytes,  gives  M  =  2M'.     In  general,  for  other  than 
I,  binary  electrolytes,  we  have  just  as  on  page  23, 

[{i-a)^ia]M'  =  M, 
'^liere  at  the  maximum  dilution  we  have 


That  this  is  really  the  result  of  a  decomposition,  and 
lot  merely  the  failure  in  these  cases  of  the  definitions  of 
'ormula  weight  in  solution,  is  evidenced  by  the  above 
'lets  and  many  others,  given  later.  And  that  this  ionized 
■Matter  which  is  formed  is  electrically  charged  is  also 
"ot  to  be  doubted,  as  well  from  the  above  facts  as  from 
the  general  agreement  or  the  results  by  electrical  and 
oiler  methods. 

It  is  always  to  be  remembered,  then,  that  when  we 
^Prai  of  ionization  we  mean  something  which  can  be 
defined  in  terms  of  experiment,  and  is  free  from  hypothesis 
wldlheaanae  is  true  of  ionized  matter,  so  long  as  we  do 
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not  assume  for  it  a  certain  structure  as  might  be  navui*al 

from  the  all  too  common  expressions  "an  ion"  or  "theic.-3" 

In  order  to  avoid  this  difficulty  we  shall  speak  of  copper 

ion,  chlorine  ion,  etc.,  meaning  simply  an  amount   of 

ionized  copper  or  of  ionized  chlorine,  and  never  of  copper 

ions  or  chlorine  ions,  which  is  hypothetfcal. 

Later  we  shall  find  that  starting  with  this  definitioa  of 

ionized  matter  in  a  simple  substance  we  can  derive  other 

experimental  definitions,  not  only  for  ionization  in  general 

but  also  for  the  amount  of  any  one  definite  kind  of  ionized 

matter  which  is  present  with  any  number  of  other  kinds* 

One  fact  may  be  mentioned  here  which  indicates  wb^^ 
a  very  marked  difference  dilution  makes  in  the  behavioi 

of  a  substance,  and  which  decidedly  supports  the  cotx- 

elusions  we  have  just   drawn.      Although    hydrochloric 

acid  is  more  volatile  than  hydrocyanic  acid,  it  has  been 

observed  that  from  a  mixture  of  the  dilute  acids  (o- ^ 

molar  of  HCl)  it  is  possible  to  distil  the  HCN  quantitatively 

(provided  the  dilution  of  the  HCl  is  retained  at  abov^^ 

this  value  by  the  frequent  replacement  of  the  water  lost)  • 

In  the  light  of  the  above  theory  the  difference  betwee^i 

the  two  acids  in  solution  is  that  while  — ^  is  nearly  equ^* 

to  I  for  HCl,  it  is  very  small  for  HCN.  In  other  word^' 
HCl  is  composed  principally  of  the  ionized  constituents 
H*  and  CI',  which  cannot  produce  HCl  gas  withoti^ 
going  through  the  state  HCl  in  solution,  and  that  is  pi^' 


"vented  by  the  nearly  constant  dilution  which  is  re- 
tained during  the  distillation.  Any  gaseous  substance 
then,  which  in  solution  is  largely  ionized,  is  more  difficult 
to  distil  than  an  un-ionized  or  less  ionized  one.  The 
HCN,  being  dissolved  and  retained  in  this  state  in  solution, 
can  be  expelled  readily  just  as  any  other  gas  which 
vindergoes  no  great  change  in  solution.  This  method, 
indeed,  was  discovered  as  the  result  of  such  theoretical 
reasoning,  and  it  is  but  one  example  of  the  many  practical 
applications  of  the  above  generalization.  (For  details 
of  the  separation  see  Richards  and  Singer,  Am.  Chem. 
J.,    27,  205,  1902). 

It  is  not  to  be  imagined  that  the  facts  mentioned  above 
are    the  only  ones  leading  to  these  conclusions,  for  later, 
throughout  our  work,  we  shall  find  occasion  to  consider 
otlxer  things  which  will  confirm  each  of  the  steps  leading 
to    t:he  final  conclusion.     In  other  words,  it  is  not  to  be 
thought  that  the  whole  theory  has  been  described  in  this 
pl^-ce,  or  that,  because  some  of  the  points  mentioned  are 
^^t  clear,  the  theory  itself  is  to  be  condemned,  for  many 
0^    the  points  can  only  be  brought  out  after  considering 
c^^tt:ain  other  methods  which  will  enlarge  our  horizon. 
It     may  be  said,  however,  that  these  further  aids  but 
c^^firm  and  make  more  evident  the  truth  of  the  con- 
clusions we  have  arrived  at.    At  the  same  time  we  must 
^^t  forget  that  we  have  been  speaking  of  this  subject  as 
^yii^g  within  certain  limits,  and  so  cannot  expect  our  con- 
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elusions  to  hold  outside  of  them,  nor  to  condemn  them 
because   they   do   not.     The   relation   of  substances  in 
non- aqueous  solvents  to  a  certain  extent  is  different,  and 
consequently  these   conclusions  could  not  be  expected 
to  hold.    As  a  matter  of  fact,  the  conduction  relations 
for  these  solutions  are  so  utterly  different  from  the  aqueous 
ones  that  it  would  be  impossible  to  consider  them  together 
at  all  in  the  light  of  our  present  knowledge.     All  of  these 
points  will  be  discussed  more  fully  later,  however,  and 
the  limits  stated,  within  which  our  conclusions  in  general 
will  hold.     It  is  to  be  remembered,  however,  that  simply 
because  our  theory  does  not  hold  for  solutions  in  certain 
non-aqueous  solvents  (solutions  which  show  no  similarity 
in  behavior  to  the  aqueous  ones,  and  which  may  or  ma-J 
not  be  solutions,  as  we  consider  them,  but  may  invoW^ 
an  entire  rearrangement  of  the  composition  of  the  solvet^'-^ 
or  solute,  or  both),  it  should  not  be  considered  as  false  3-^^ 
of  little  use.     For  the  two  kinds  of  systems  are  so  differ^^ 
that  it  would  be  impossible  to  imagine  that  both    3-^^ 
subject  to  the  same  laws. 

The  value  for  a,  the  degree  of  ionization  for  a  i^^ 
electrolytes  is  given  below  for  varying  conditions.     TheS^ 
are  the  values  as  found  from  the  ratio  of  molecular  con- 
ductivities, since  that  method  is  the  most  delicate  oti^ 
for  this  purpose  which  we  possess. 
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i6 

64 

5" 

16 

64 

5" 


AgNOs 

a 
0.828 
0.899 
0.962 

0.832 
0.904 
0.965 


16 
64 


2 
16 


AgNOa 

a 
0.841 
0.909 
0.964 

HCl 
0.876 

0-95S 


3 

4 
S 

:6 


HBr 

as* 

a 

0.897 
0.932 
0.950 
0.965 


HI 

a 


0.895 
0.926 

0.945 
0.963 


2 

10 

100 

1000 

lOOOO 

16667 


KCl 
a 


0.86 

0.94 

0*98 

0-993 
0.996 


NaQ  NH^a  UCi 

25*               as*  25® 

a                   a  a 

0.737  

0.842  0.852  0.803 

0.937  0.94  0.907 

0.982  0.979         


For  further  information  of  this  sort,  see  Ruo  )lphi, 
Zeit.  f.  phys.  Chem.,  17,  385,  1895;  Jones  and  West, 
Am.  Chem.  J.,  33,  357-422,  1905;  and  Noycs,  Carnegie 
Publication  No.  63,  340,  1907.  / 

Certain  general  relations  have  been  observed  connecting 
tte  extent  of  the  ionization  of  salts  of  the  same  type, 
^d  also  connecting  the  ionization  of  salts  of  diflferent 
types,  which  are  very  convenient  approximations.  Thus 
Noyes  and  Melcher  (Carnegie  Publication,  No.  63,  29) 
show  the  following  rough  proportionality  between  the 
^iii-ionized  fraction  of  a  salt  at  any  concentration  and 

the  product  of  the  valences  of  its  ions.    In  the  table 

tdow,  under  A,  are  given  the  mean  values  of  the  percen- 
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tage  of  un-ionized  salt,  100  (i— a)  for  the  neutral  salts 
of  each  type  at  the  concentration  0.04  moles  per  liter 
and  for  the  one-one  salts  at  0.08  moles  per  liter,  and 
under  B  are  given  the  ratios  of  these  values  to  the  product 
of  the  valences  (  Fi,  V2)  of  the  ions. 


VxVi 

Moles  per 
Uter. 

18" 
A      B 

100" 
A      B 

166" 
A      B 

218" 
A      B 

281" 
A      B 

30^ 
A       ^^ 

iXi 

0.04 

12     12 

15     15 

17     17 

20     20 

25     25 

31          ^' 

iXi 

0.08 

15     IS 

18     18 

21     21 

25     25 

31     31 

39          ^9 

1X2 

0.04 

28    14 

34     17 

40     20 

51     25 

65     32 

74         -37 

2X2 

0.04 

55     14 

68     17 

81     20 

93     23 

—     — 

—        ■ 

Examples  of  the  three  types  illustrated  here  are  K^^l 
(i-i),  BaCl2  (2-1),  and  MgS04  (2-2).    When  the  corrr^i- 
parison  is  made  at  the  same  equivalent  concentraticii^n 
here  (i.e.,  the  0.08  for  the  i-i),  the  principle  seems     ^0 
hold  satisfactorily,  even  at  the  high  temperature  wh^fl 
the  ionized  portion  is  reduced  to  26%  for  the  1-2  sslIi 
and  to  7%  for  the  2-2  salt. 

Another  and  similar  relation  to  this  is  given  by  Bod- 
lander,  with  Storbeck  and  Eberlein  (Zeit.  f.  anorg.  Chem-; 
31,  19,  and  39,  195).  According  to  this  the  ionization  of 
any  salt  is  equal  to  that  for  a  i-i  salt,  at  the  same  equiv- 
alent dilution y  raised  to  a  power  equal  to  the  product  of 
the  valences  of  the  ions  of  the  salt  whose  ionization  is  to 
he  determined. 

Examples  of  this  relation  arc  given  in  the  tables  beloW, 
all  dilutions  being  equivalent  normaL 
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Mulim  (Liters  per  EqlliV8l™().       100 
a-ionbalion  of  KCl 0.94  o 

lonieation  of  EiCl, 0.87  o 

liiersoer    ^Q  NajSOi  KiFe(CN)a 

aju-vaiSt.     a  a-        a'  a'         «' 

3a 

64 
138 
256 

5" 


j.yo 

0.86     a.87 

0-7S 
0.80 

0,74 
0-80 

0. 

■<>% 

0.90    0.90 

o.»s 

0.8^ 

0. 

.96 

0.9]    0.91 

0.89 

0.89 

Q. 

•97 

0.94    0-94 

0.92 

0.92 

o- 

.98 

0.96    0.96 

0.9S 

0.94 

0.5 

K,Fe(CN), 
.67     0.67 


0.65     0.73 
0-74     0.83 


Here  a'  is  the  actually  determined  value;  a^,  a^,  a*, 
and  a^  being  the  values  of  a  for  KCl  raised  to  a  power 
in  each  case  equal  to  the  product  of  the  valences  of  the 
ions  formed  from  the  salt.  Thus  we  have  2Na'  and 
SO,"  (1X2);  3K-  and  Fe(CN)a"'  (1X3);  4K-  and 
fe(CN)B""  (1X4);  and  finally  6Na-  and  C12O12""" 
UXfi);  the  concentrations  for  the  1/32  normal  being 
i(i/32Na,S04;  i(i/32K:,Fe(CN)6);  i(i/32K^Fe(CN)fl); 
^d  i(i/32NaflCi20i2).  Whether  this  relation  holds  at 
°lher  temperatures  and  for  other  salts  is  apparently  not 
^  yel  known;  if  it  does  it  is  certainly  a  very  valuable 
relaiion. 

43-  The  relations  existing  between  osmotic  pressure, 
'apor  pressure,  freezing-point  and  boiling-point,  and  the 
*ffwt  of  ionization  upon  these  quantities. — .^though 
'^  is  possible  to  find  mathematical  relations  connecting 
te  osmotic  pressure  with  the  vapor-pressure,  or  freezing- 


^ 
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point,  etc.,  it  will  be  seen  that  any  one  of  them  may  be 
calculated  from  any  other  by  calculating  back  from  tk 
given  value  the  concentration  in  moles  per  liter  of  tic 
solution,  for  any  of  the  values  can  be  calculated  when 
the  concentration  of  solute  is  known.    Thus  the  freezing- 
point  of  a  water  solution  is  0^.3  below  that  of  the  pure 
solvent.    What  is  the  vapor-pressiure  of  the  solution  at 
0°,  the  vapor-pressure  of  pure  water  at  0°  being  4.57  mni? 
Since  i  mole  per  liter  of  solvent  would  depress  the 
freezing-point  1^.89  {=K/p)  this  solution  must  contain 

X   moles    per    liter.    The    vapor-pressure    then,   froffl 
f       N 


IS 


1000 


^,  18 

^=^•57^^^^— mm., 

■78"+^ 

1000 
for  1000  grams  of  water  is  equal  to  — ^r-  moles. 

When  a  depression  of  the  vapor-pressure  is  given,  i.e-* 

p-p'  m  the  formula  ^-—^  -  ^r^-—  or  ^—7r-=T?y  ^  ^^ 
^    ^  p        N-\-n  p'       N' 

can  find  is  the  relation  between  the   number  of  nioles 

of  solute  (w)  and  those  of  solvent  (N).     But  by  fixing 

the  amount  of  solvent,   1000  grams,  for  example,  and 


I 

\ 
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lOwing  its  molecular  weight  as  a  gas,  we  can  solve 

e  equation  for  the  concentration  of  solute  in  that  quantity 

solvent,   and  then  from  this  calculate  the  osmotic 

ressiure,  freezing-point  or  boiling-point  of  the  solution. 

Thus  the  vapor-pressure  of  a  solution  is  1%^  that  of 

le  pure  solvent  (water)  at  0°,  what  is  the  freezing-point 

p'        p'       N 
lepression  of  the  solution?    Since  ^  in  ^=tf —    is 

p         P     N+n 

qual  to  0.9,  we  have 

1000 


N  18 


^    N+n    1000 


18 


^here  n  is  the  number  of  moles  of  solute  in  1000  grams 
f  solvent.  The  depressions  of  the  freezing-point  is 
^erefore  wXi^.Sg. 

It  now  simply  remains  for  us  to  express  analytically 
le  effect  of  ionization  upon  the  osmotic  pressure,  de- 
■"essions  of  the  freezing-point  and  vapor-pressure,  and 
crease  of  the  boiling-point;  for  the  definitions  of  for- 
ula  weight  in  terms  of  these  methods  have  already 
ien  stated,  and  the  derivation  of  the  concept  of  ioniza- 
>n  traced  from  them. 

Naturally,  if  in  place  of  n  moles  per  liter  of  solvent 
I  have  after  ionization  n[{i  —  a)+ia],  where  i  is  the 
mber  of  moles  of  ions  from  i  mole  of  salt  by  complete 
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ionization,  the  osmotic  pressure  can  be  found  from  if 
proportion 

«:«[(i  -a)  +ia] : :«( 22.4?^^ — j  :P', 

where  P'  is  the  osmotic  pressure  at  /^  of  the  n  moles  in 
I  liter  of  solvent,  ionized  to  the  extent  a  into  i  ions. 
The  freezing-point  depression  is  J/.p.  in  the  proportion  1 

where  n  and  w[(i  —  a)  +ia]  refer  to  moles  per  1000  gr^-to 
of  solvent. 
The  boiling-point  increase  is  J/ p.  in  the  proportioi3- 

n:n[(i-a)+ia]:  inKb.p.iJt.p.y 

when  n  and  »[(i— a)-l-ia]also  refer  to  moles  per  M^^ 

grams. 
And  the  vapor-pressure  is  p'  in  the  relations 

p     ~iV-f«[(i-a)+ia]'         p'    ~  iV 


or 


/>      iV+«[(i-a)+ia] 


1000  f 

where  -^^"TT"?  -^^  being  the  molecular  weight  of  ^^ 

solvent  as  gas. 

At  complete  ionization  into  two  ions,  then,  the  osmotic 
pressure,  depression  of  the  freezing-point,  and  increase 
of  the  boiling-point  would   all  be  doubled,  while  the 
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vapor-pressure  would  only  be  affected  by  the  value  of  « 

Wing  doubled. 

44.  Division  of  a  substance  bel « een  two  non-miscible 
BoWents.  Depressed  solubility.--- If  a  water  solution  of 
succinic  acid  is  shaken  with  ether,  the  acid  is  divided 
Ktween  the  two  solvents  in  such  a  way  that  there  is 
always  a  certain  ratio  between  the  two  concentrations, 
independent  of  the  relative  amounts  of  the  two  solvents. 
Table  IV  shows  this. 

Table  IV. 

EthcrO-          InH30(j).  inEthcr(4).  Cocffi™nt(s). 

30  cc.                  43,4                    7,1  6  almost 

49  cc.                  43.8                    7.4  6 

'°  "^-             55-5  c<".            47-4                  7-9  6  exact 

Columns  3  and  4  give  the  number  of  cc.  of  a  Ba(0H)3 
soiution  which  is  necessary  to  neutralize  loo  cc.  of  the 


'  J  there  are  two  or  more  substances  in  solution  the  co- 
«^w«(j  oj  partition  are  the  same  as  if  each  substance 
^^  present  alone. 

The  solvent  behaves  here  with  respect  to  the  substance 
■"^Ived  Just  as  it  would  to  a  gas,  i.e.,  between  the  two 
P^tla  (liquid  and  solution)  there  is  a  certain  coefficient 
w  ^rption — the  concentration  of  substance  acting  as 
Iw  pressure  of  the  gas,  and  the  temperature  having  the 
ssme  influence  in  both  cases. 

if  Ike  relation  of  the  molecular  weights  remains  Ike 
*">«  throughout  the  various  concentrations  employed, 
"«  ae^ie/U  0/  parliiion  will  remain  constant,    Tlaxa 
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/^-nitrophenol  shows  a   coeflBcient   of  partition  /  ~ )  in 

the  system  water-chloroform,  which  increases  with  the 
temperature  and  concentration  and  indicates  that  the 

• 

/-nitrophenol  is  normal  in  molecular  weight  in  water  and 
is  polymerized  in  chloroform  solution.  In  dilute  solu- 
tion the  polymerization  is  very  inconsiderable,  however. 
In  few  words,  speaking  from  the  experiments,  this  means 
that  the  greater  the  amount  of  ^-nitrophenol  in  the 
system  and  the  higher  the  temperature,  the  greater  is 
the  proportion  dissolved  by  the  chloroform,  and  this  i 
variation  has  nothing  to  do  with  the  solubility  variatioi^ 
with  the  temperature  of  the  solvents  when  used  alone. 

An  interesting  application  of  this  was  made  by  Mo^s^ 
(Zeit.  f.  phys.  Chem.,  41,  722,  1902)  to  find  the  amount  ^' 
HgCl2  remaining  uncombined  in  a  comj^lex  equilibriai^ 
By  finding  the  coefficient  of  partition  of  KgCl2  betwc^^ 
water  and  toluol  for  known  amounts  of  HgCl2,  and  t!x^^ 
that  for  HgCl2  between  the  aqueous  complex  soluti^^^ 
and  toluol,  he  was  able  to  find  the  amount  of  HgCJ- 
which  was  free  and  capable  of  dissolving  from  the  compl^-^ 
solution.  (For  the  quantitative  relation  existing  betwe^^ 
the  molecular  weights  in  the  two  solvents  and  the  coeflS 
cient  of  partition,  as  well  as  the  uses  of  this  very  importaX^^ 
method,  see  Chapter  VIII.) 

If  one  solvent  is  soluble  in  another  the  amount  of  tb^ 
one  dissolved  will  depend  upon  its  state,  i.e.,  whether 
it  is  pure  or  contains  a  substance  in  solution.    Just  as 
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with  solidsj  we  have  for  liquids  a  certain  solution  pressure, 
Le.,  aforce  which  causes  them  to  dissolve.  In  the  same  way 
that  the  vapor-pressure  is  depressed  by  the  addition  of  a 
substance,  so  is  the  solubility  of  one  liquid  in  another. 
This  follows  from  the  analogy  between  gases  and  sub- 
stances in  solution.  If  s  is  the  solubility  oiA,  i.e.,  the 
amount  of  ^  in  the  unit  of  volume  of  B,  and  s'  is  the 
solubility  of  the  same  after  an  addition  of  substance  to  A , 
then  in  analogy  to 

P-P'_n 
f       N 
we  have 


s'       N' 
where  H  is  the  number  of  moles  of  solvent  A  and  n  the 
number  of  moles  of  solute  in  A. 

This  was  first  deduced  by  Nemst,  who  used  the  formula 
ss  a  method  for  the  determination  of  the  molecular  weight. 

If  an  excess  of  ether  is  agitated  with  water  and  the 
ftttzing-point  of  the  mixture  determined  it  is  found  to  be 
lower  than  that  for  pure  water.  If  the  ether  contains  an 
siDount  of  substance  which  is  insoluble  in  water,  then  its 
solubility  in  water  will  be  decreased,  and  the  freezing- 
point  of  the  mixture  will  be  higher  than  before.  Calling 
"lis  difference  the  molecular  increase  of  the  freezing- 
Point,  when  the  dissolved  ether  itself  contains  i  mole  of 
'iHsolved  substance,  we  have  the  simple  relation 


i 


ET: 
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where  m  is  the  molecular  weight  of  the  substance  dissolved 
in  ether,  w  is  the  weight  of  this  in  loo  grams  of  ether,  /  is 
the  freezing-point  of  a  saturated  aqueous  solution  of  ether,  J^ 
If  the  freezing-point  of  the  saturated  aqueous  solution  of 
ether  containing  w  grams  per  loo  grams,  and  Jfe'  is  this 
molecular  increase  of  the  freezing-point,  just  defined. 
The  value  of  hf  for  a  water-ether  system  (it  varies  with  each 
system)  is  3.06. 

Table  V  gives  a  few  results  of   this  method.     The 
benzene  and  naphthalene  are  the  substances  which  v^ 
each  case  are  dissolved  in  the  ether 

Table  V. 

Substance.                               w                t  —  f  m  (cal.)  m(fotm^^ 

Benzene 2.04  0.080  78  77 

5.87  0.219  78  82 

Naphthalene 3.42  0.082  12S  128 

/  in  all  cases  is  equal  to  — 3°.85,  i.e.,  the  freezing-point   ^* 
a  saturated  solution  of  ether  in  water.     The  solution   ^^ 
substance  in  ether  is  here  slightly  increased  in  concentr^' 
tion,  owing  to  the  separation  of  the  ether  with  the  ice,  bti*» 
as  very  strong  ethereal  solutions  are  rarely  used,  it  h.^^ 
but  little  influence.     Other  substances  than  ether  mo-y 
also  be  used  with  water,  the  constant  k^  of  course  htitxS 
different  for  each  one.     Other  results  and  the  calculation 
of  the  value  of  kf  which  transforms  freezing-point  results 
into  those  of  solubility  must  be  sought  in  the  original 
paper.     (Nemst,  Zeit.,  f.  phys.  Chem.,  6,   16  and  57J/ 
1890). 
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45.  Solid  solutions. — Solid  solutions,  which  ha"e  already 
been  considered  in  the  previous  chapter,  are  homogeneous 
solid  phases  which  can  vary  continuously  within  certain 
limits.  These  limits  are  smaller  for  solids  than  they  are 
for  liquids,  just  as  the  limits  for  these  are  much  more 
restricted  than  for  gases.  The  most  important  differences 
between  a  solid  solution  and  a  mixture  of  solids  arc  as 
follows:  Work  is  necessary  to  separate  the  constituents 
of  the  solution,  and  consequently  these  do  work  in  uniting 
lo  fomi  the  solution ;  a  solution  has  a  lower  vapor-pres- 
sure than  the  pure  solvent;  and  a  solution  has  a  smaller 
solubility  in  all  liquids  than  the  pure  solvent.  Examples 
of  solid  solutions  are  given  by  mixtures  of  isomorphous 
^stals;  zeoliths,  i.e,|  natural  water  holding  siUcates, 
ftiidi  lose  water  and  yet  retain  their  transparency, 
although  the  vapor-pressure  is  reduced;  hydrogen  with 
P^adiian;  hydrogen  with  iron;  and  mixtures  of  two 
ciystalline  substances  which  have  different  forms,  but 
"hidi  give  a  mix-crystal  like  that  of  the  substance  present 
"1  excess.  The  reader  must  be  referred  for  further  in- 
fomation  on  this  subject  to  one  of  the  books  treating  it 
111  detail,  Findlay's  Phase  Rule,  for  example. 

46.  Colloidal  mixtures,* — Colloidal  mixtures,  for  con- 
"Hiifince,  are  divided  into  two  classes.  Of  these  wc  shall 
•^'der  colloidal  solutions,  the  type  of  which  is  a  solu- 

™  further  infotmatioti  the  re.idcr  is  referred  to  a  paper  by  Noycs 
IJiur-Am.  Chem.  Soc.,  27,  85,  1905),  of  whith  I  have  made  e 
WW. 
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tion   of  gelatine,    and   colloidal   suspensions^  of  wbi^*^ 
arsenious  sulphide  is  a  type. 

A  colloidal  mixture  is  a  liquid  mixture  of  two  or  xoO^^ 
substances  which  are  neither  separated  by  the  long  co^' 
tinned  action  of  gravity  nor  by  passage  through  filte^' 
paper,  although  they  are  separated  by  the  passage  throu^*^ 
animal  membranes  or  close  grained  porcelain. 

Colloidal  solutions. — These  as  a  rule  are  more  or  le^^ 
viscous,  gelatinize  upon  evaporation  and  go  into  solution 
again  on  the  addition  of  water.     They  are  not  coj 
lated  by  the  addition  of  small  amoimts  of  salts,  and, 
common  with  colloidal  suspensions,  influence  the  vapo- 
pressure,  freezing-point,  boiling-point  of  the  solvent  v( 
much  less  than  a  corresponding  amount  of  a  crystalloid' 
This  is  also  true  for  the  osmotic  pressure  of  the  soluti<::^^^ 
formed.     It  is  evident,  then,  employing  the  above  defiivi^ 
tions   of  molecular  weight  in   solution,  that  either  thei*" 
molecular  weights  are  very  high,  or  the  definitions  do  il^^^ 
hold  in  such  cases.     At  present  the  question  is  still  opeX^^ 
although   from   the  enormous   results   obtained   for  tti-^ 
molecular  weights,  it  would  seem  that  the  latter  conclxX** 
sion  is  the  correct  one.     The  osmotic  pressure  of  a  6^^ 
glue  solution  has  been  found  to  be  but  a  third  of  an 
mosphere ;  and  the  rate  of  diffusion  is  also  f oimd  to 
much  smaller  than  for  crystalloids. 

The  colloids  of  this  group  include  gelatine,  agar-aga^^^ 
unheated  albumen,  caramel,  starch,  dextrine,  etc.    Gel^' 
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tinized  colloids  have  been  found  to  be  permeable  to  salts 
in  solution,  and  to  offer  but  an  exceedingly  slight  hind- 
rance to  their  passage.  The  electrical  conductivity,  as 
a  result  of  this,  of  salt  solutions  is  observed  to  be  but  a 
few  per  cent  different  from  the  value  found  in  pure  water, 
a  fact  of  which  we  shall  take  advantage  in  Chapter  IX. 
These  colloids  seem  to  be  impermeable  to  one  another, 
however. 

Colloidal  suspensions. — These,  in  contrast  to  the  other 

class,  are  coagulated  by  the  presence  of  even  a  small 

quantity  of  an  electrolyte.    They  do  not  gelatinize,  as  do 

the  others,  on  cooling,  and  if  gelatinized  do  not  redissolve 

^^  heating.    The  presence  of  a  gelatinizing  colloid  in 

^ven  a  small  quantity  prevents  the  coagulation  of  colloidal 

suspensions  by  salts.    Thus,  in  the  presence  of  gelatine 

silver  chloride  precipitated  in  solution  remains  in  a  state 

^*  colloidal  suspension,  and  this  fact  has  long  been  turned 

^^  account  in  the  preparing  of  emulsions  in  photographic 

^^rk.    It  is  true,  however,  that  a  few  other  substances 

sej:^g  this  same  purpose,  as  sugar,  glycerol  and  even  ether. 

'Xhese  suspensions   are   not   only   coagulated   by   the 

P^^ence  of  electrolytes,  but  are  not  affected  at  all  by  the 

P^^sence  of  non-electrolytes.     Thus  the  addition  of  hydro- 

S^^>  sulphide  water  to  a  solution  of  mercuric  cyanide  pro- 

^^ces  a  colloidal  suspension,  for  neither  the  hydrocyanic 

^^id  formed,  nor  the  other  two  substances  are  ionized 

"^yond  a  slight  extent,  i.e.,  all  show  a  small  value  for 
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a=— ^.      It  seems  to  be  necessary  to  always  exceed  ^ 

certain   small  minimum   quantity   of  the   electrol)rte    ^ 
order  to  produce  coagulation. 

Metallic  colloidal  suspensions  may  be  made  (BrediS^ 
by  producing  an  arc  under  pure  water,  using  electrodes 
of  the  metal  in  question.  Some  colloidal  solutions  can  b^ 
proven  to  consist  of  small  particles  by  examination  und^^ 
the  microscope,  although  the  number  is  not  very  large- 
One  unfailing  property  of  all  colloidal  mixtures  is  tb^^ 
they  revolve  the  plane  of  polarized  light,  and,  in  fact,  i^ 
general  behave  as  though  they  are  made  up  of  exceedingly 
small  particles,  although  it  is  impossible  to  prove  th^^ 
this  is  always  the  case. 

The  effect  of  the  electric  current  upon  colloidal  mL^' 
tures  is  exceedingly  important,  for  it  gives  us  some  insigt*-^ 
into  their  constitution.  Certain  suspensions  are  alwa)^^ 
carried  in  the  direction  of  the  current  through  the  solutioX^* 
i.e.,  coagulate  around  the  cathode  (ferric  hydroxide^' 
Others,  and  this  is  by  far  the  larger  class,  collect  aroun-^ 
the  anode,  i.e.,  go  with  the  negative  current.  Of  thi-^ 
first  group  we  know  of  the  basic  hydroxides  (Al,  Cr,  etc  -) 
and  certain  dyestuffs.  All  the  rest,  the  ordinary  suspeC*-^ 
sions  as  well  as  the  colloids,  go  in  the  direction  of  tt^^ 
negative  current  and  coagulate  around  the  anode. 

When  a  colloid  is  mixed  with  another  having  a  diffex*- 
ent  sign,  i.e.,  when  two  colloids,  which  go  in  opposite 


\ 
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I  directions  under  the  influence  of  the  current,  are  mixed 
we  observe  a  coagulation,  leaving  clear  solvent  above. 
This  is  the  case  with  ferric  hydroxide  (+)  and  arsenious 
sulpliide  (— ).  Non-electrolytes  have  no  effect  upon 
colloidal  mixtures,  but  electrolytes  (above  a  certain 
minimum  concentration)  cause  a  coagulation,  and  this 
eflFect:  is  apparently  proportional  to  the  valence  of  the 

• 

ion  of  the  opposite  sign  to  the  colloid  in  question.    Since 
the  ^v^alence  determines  the  amount  of  electricity  carried 
by  ionized  matter,  it  seems  but  a  natural  consequence 
of  oxxr  conclusions  above,  that  ionized  matter,  and  that 
onljr,    outside 'of  the  current,  can  cause  the  coagulation 
of  tiiese  mixtures.    From  the  relation  with  regard  to 
the   rtiigration  of  colloids  with  the  electric  current  it  is 
evident   that   the   colloidal   particles   carry   charges   of 
electricity,  some  always  of  one  sign,  some  of  the  other, 
depending  upon  their  nature.    And,  further,  since  non- 
electrolytes  fail  to  act  as  do  electrolytes,  with  regard 
to  Coagulation,  these  facts  seem  to  confirm  our  conclu- 
sious  that  the  constituents   of  electrolytes  are  charged 
'^th  electricity.    It  is  assumed  that  the  colloidal  particles 
^^6  charged  with  one  kind  of  electricity  while  the  liquid 
^  'Which  they  exist  has  the  opposite  charge.    Anything 
^hich  can  disturb  this  apparent  electrical  equilibrium, 
then,  and  the  disturbance  apparently  must  be  electrical 
itself,  causes  the  colloidal  mixture  to  coagulate. 
As  to  how  the  particles  and  solvent  become  differently 
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charged  we  have  only  hypothesis  las  yet,  or  rather  hypo- 
theses, for  there  are  several,  and  nothing  definite  is 
known. 

For  the  latest  information  as  to  the  size  of  the  paiticle, 
etc.,  as  measured  by  the  ultra-microscope,  see  Svedberg, 
Z.  f.  Elektrochem.,  12,  853-860,  1906;  Zsigmondy,  'M* 
12,  631-635;  and  Z.  f.  phys.  Chem.,  56,  65-83,  1906; 
and  Biltz,  ibid.  58,  288-292,  1907. 

47.  The  molecular  weight  in  solution. — Our  definitions 
of  molecular  weight  in  solution  (osmotic  pressure,  vapor- 
pressure,  freezing-point  and  boiling-point)  in  general 
lead  us  to  the  same  results  when  it  is  possible  to  equalize 
the  experimental  error  and  employ  all  methods.  We 
have  found,  however,  that  in  some  cases  the  molecular 
weight  so  determined  is  very  much  smaller  than  the 
formula  weight  (dissociation),  and  in  other  cases  several 
times  larger  than  the  formula  weight  (association). 
Further,  two  associated  liquids  (according  to  definition 
by  surface-tension)  when  mixed  often  show  a  mutual 
dissociation  of  the  associated  state.  But  these  cases, 
excepting  the  last,  are  also  found  in  connection  with 
the  molecular  weight  in  the  gaseous  gas,  as  it  is  aflFected 
by  temperature  changes,  etc.  It  is  not  a  question  here 
of  any  difficulty  with  our  definition  of  molecular  weight, 
for  the  various  methods  seem  to  agree  very  well,  and 
it  is  generally  conceded  that  the  various  results  express 
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Loleciilar  weight  as  it  changes  from  solvent  to  solvent, 
1  the  same  solvent  from  dilution  to  dilution, 
tain  results  are  found  by  the  freezing-point  method 
>th  electrolytes  and  non-electrolytes,  however,  which 
ard  to  follow  so  accurately  by  other  methods,  that 
ifficult  to  explain  other  than  by  assuming  that  there 
a  hydration  of  the  substance  in  solution.  The 
ng-point  depression,  in  other  words,  is  found  to  be 
tr  than  it  should  be  from  results  calculated  from 
for  more  dilute  solutions.  The  effect  of  this  hydra- 
vould  be  small  as  to  the  increase  in  the  molecular 
it  due  to  the  addition  of  water;  it  is  the  solvent 
I  is  removed  which  would  exert  the  greater  influence 
the  result,  especially  on  the  small  amount  present 
ticentrated  solutions.  By  plotting  actually  observed 
s  and  assuming  water  to  be  removed  from  the  sol- 
and  to  unite  with  the  substance,  a  curve  can  be 
.  which  will  be  in  accord  with  the  law.  In  this  way 
)roven  that  if  a  hydrate  were  formed  to  the  requi- 
xtent,  the  law  would  be  followed.  Later  we  shall 
ler  this  further  (Chap.  VIII).  Outside  of  the  one 
imental  fact  (see  Chap.  IX)  observed  by  Morgan 
S^anolt  (J.  Am.  Chem.  Soc,  26,  635,  1904)  the  for- 
)n  of  compounds  of  the  solute  and  solvent  has  not 
actually  observed.  According  to  the  freezing-point 
od  this  hydration  has  been  assumed  to  take  place 
both  the  ionized  and  the  un-ionized  portion;    the 
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experimental  proof  just  mentioned  refers  only  to  ^^ 
ionized  matter  in  a  solution  of  silver  nitrate  in  a  mix- 
ture of  water  and  pyridine. 

All  the  methods  given  above  seem  to  give  explicable 
results  for  very  dilute  solutions;    the  difficulties  will    be 
discussed   later.    For  concentrated   solutions,   however, 
it  is  quite  evident  that  the  correct  relations  have  not 
been  obtained  as  yet.     Whether  the  behavior  of  veiy 
concentrated  solutions  can  ever  be  brought  into  accord 
with  the  more  dilute  ones  is  a  question  which  is  stiU 
open.     It  is  obvious,  though,  notwithstanding  the  diffi- 
culties which  have  arisen,  that  the  theory  of  solution  is 
a  law  of  nature  holding  between  certain  limits,  and  that 
the  problems  in  this  connection  for  the  future  have  all 
to  do  with  enlarging  these  limits.     That  this  can  only 
be  done  by  following  the  results  closely  and  avoiding  all 
hypotheses  is  an  opinion  which  is  growing  not  alone  in 
this  branch  of  science,  but  in  all  others.     To  do  thisy 
however,  it  is  not  necessary  to  cast  aside  what  we  have 
learned,  thinking  it  hypothesis,  but  to  use  the  fragment 
of  a  great  law  of  nature  which  we  undoubtedly  have  in    |f  ^ 
the  theory  of  solution  as  a  basis  for  further  development 


^ 
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CHAPTER  VII. 


THERMOCHEMISTRY. 


48.  liefimtion.^Ther}nocliemistry  is  the  subject  which 
ireals  oj  the  connection  between  chemical  and  thermal 
frvcmes. 

Since  almost  every  chemical  process  is  accompanied 
oy  temperature  changes,  and  is  more  or  less  influenced 
by  them,  this  subject  is  one  of  great  importance, 

If  a  substance  is  changed  from  one  state  into  another 
■n  such  a  way  that  all  difference  in  energy  appears  in 
one  forni,  as  heat,  for  example,  then  this  amount,  when 
Determined,  is  proportional  to  the  difference  of  chemical  I 
"lergy  in  the  two  states. 

49.  Applications  of  the  principle  of  the  conserratioa 
^  energy. — Hess  was  the  first  to  apply  this  principle  to 
'aeimocheinislry.  In  1840  he  announced  the  law  that 
1^  amount  of  heat  generated  by  a  chemical  reaction  is 
^  same  whether  it  takes  place  all  al  once  or  in  steps.  In 
olher  words,  all  transformations  from  the  same  original 
tlote  to  the  same  final  state  liberate  the  same  amount  oj 
heal,  irrespective  oj  the  process  by  which  the  final  state 
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is  reached.    The  heat  liberated  in  a  reaction,  then,  (fc* 

pends  only  upon  the  final  and  initial  states.    This  was 

entirely  the  result  of  experiment  on  the  part  of  Hess,  |{ 

who  did  not  consider  it,  as  we  do  to-day,  as  self-evident 

The  truth  of  this  principle  he  showed  by  the  equality 

in  the  heat  of  formation  of  ammonium  chloride  in  water 

when  prepared  in  two  dissimilar  ways;  for  he  found  bj 
experiment  that 

gasNHj+gasHCl-solid  NH4Cl+42ioo  caL 

and 

solid  NH4C1+ water— NH^Cl  in  solution— 3900  cal., 

so  that 

gas- NH,+gas-  HC1+ water— NH^C.  in  soIution+  38200  cal.; 

whfle  from 

gaS'NH,4-water=NH,  in  solution +8400  cal. 
gas-  HCl  4-  water  =  KCl  in  solution  + 1 7300  cal. 

and 

NH3  in  solution  4- HCl  in  solution —NH^Cl  in  solution  + 13300  caL 

it  is  evident  that 

gas-NHj-f  gas  HCH- water— NH4CI  in  solution  4- 38000  caL 

Upon  this  law  the  whole  subject  of  thermochemistry 
is  based,  for  by  it  it  is  possible  to  find  indirectly  tb^ 
heat  liberated  or  absorbed  by  any  reaction.  This  is  ir^t 
even  though  it  is  not  possible  to  carry  otU  the  reaction  ^ 
practice.  We  have  simply  to  consider  the  process  ds  ^ 
part  or  a  sum  of  others  which  have  been  measured;  tl0t 
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ij  ike  addition  of  the  equations,  all  undesired  substances 
may  be  caused  to  disappear  until  finally  the  desired  re- 
aaim  is  found. 

The  chemical  symbols,  as  we  have  used  them  up  to 
now,  have  represented  only  the  molecular  weights  of  the 
substances  in  question.  Now,  however,  when  we  are 
considering  as  well  the  quantity  of  energy  absorbed 
or  liberated  by  the  reaction,  the  symbols  have  a  fur- 
tber  meaning  which  must  not  be  overloolied.  In 
addition  to  the  weight  in  grams  expressed  by  the  for- 
mula weights  of  the  substances,  the  symbols  also  repre- 
sent the  amount  of  energy  contained  in  that  weight  in 
lliis  stale  as  compared  to  the  energy  contained  in  another, 
ite  standard,  state.    Thus  the  equation 

C  + 2O  =  CO 3 +  gy 00a  cals, 

"leans  that  the  energy  contained  in  12  grams  of  solid 
earboij  and  3a  grams  of  gaseous  oxygen  is  greater  hy 
9J00O  cals.  than  that  contained  at  the  same  tempera- 
ture ia  44  grams  of  gaseous  carbon  dioxide. 

The  small  calorie,  cal.,  as  will  be  seen,  is  so  small 
Ihat  the  numbers  employed  are  very  large,  and,  more 
important  still,  do  not  express  well  the  experimental 
limitations  of  the  determination.  For  this  reason  the 
Ostwald  calorie  (K)  is  much  better  adapted  for  the 
purpose.  This  is  the  heat  which  is  necessary  to  raise 
the  temperature  of  i  cc.  of  H2O  from  0°  to  100°  C,  and 


i 
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is  related  to  the  large  and  small  calories  in  approxi- 
mately the  following  way: 

25^  =  ICO  cals.  (i.e.,  i  cc.  H2O  1°  C); 
loJT-i  Cal.  (i.e.,  I  kg.  of  H2O  i^  C). 

It  will  be  observed  here  that  one  unit  in  terms  of  the 
Ostwald  calorie  expresses  about  the  limit  of  accuracy  rf 
experimental  observations,  while  of  the  other  two,  one 
leads  to  the  impression  that  the  experimental  result  is 
more  accurate  than  it  is,  the  other  that  it  is  less  accurate. 

In  addition  to  these  units  we  also  have  others  whidi 
are  still  more  convenient,  for  they  are  based  upon  the 
erg.  The  joule,  designated  by  j,  is  equal  to  10^  ergs,  and 
a  unit  one  thousand  times  this,  i.e.,  10^®  ergs  is  desig- 
nated by  J.     We  have,  then, 

I  cal.  =4.183  j  and  i  j  =0.2391  cal.  =10^  ergs, 
or 

I  ca\.  =0.004183  J  and  i  J  =  239.1  cal.  =  lo^®  gj-gg^ 

In  all  reactions  we  shall  distinguish  the  state  oi 
aggregation  according  to  the  system  proposed  by  Ost- 
wald, in  which  ordinary  letters  are  used  for  liquids,  hea\7 
ones  for  soUds,  and  italics  for  gases. 

In  considering  substances  in  solution  it  is  necessarj 
to  know  the  heat  which  is  liberated  by  this  process. 
This  is  called  the  heat  0}  solution.    For  different  amount* 
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of  water,  of  course,  this  will  vary,  so  that  for  uniformity 
the  heat  of  solution  is  always  understood  to  be  the  heat 
(positive  or  negative)  which  is  liberated  by  the  solution 
of  I  mole  in  so  much  water  that  an  addition  of  more 
Water  will  give  no  additional  heat  effect.    This  is  desig- 
^ted  by  the  addition  of  the  abbreviation  Aq  (aqua) 
to  the  symbol  of  the  substance,  and  is  what  was  desig- 
nated as  "water''  in  the  equations  of  Hess  above.    It 
is  always  to  be  remembered,  however,  that  an  isolated 
Aq  in  an  equation  is  not  equal  to  an  H2O,  which  refers 
tQ  18  grams  of  water,  although  a  mole  of  water  may  be 
considered  as  abstracted  from  the  term  Aq,  as  in  the 
reaction  above, 

NHz + Aq  =  NH40HAq + 8400  cal. 

The  following  example  of  the  determination,  by  the 
process  of  elimination,  of  the  heat  liberated  by  a  reaction 
vill  probably  make  the  method  clear.  Calculate  the 
leat  evolved  by  the  reaction 

MgCb  +  2Na = 2NaCl + Mg, 
rhen  the  following  experimental  data  are  known: 

(  —  2)  Naa+Aq  =  NaClAq-ii.8ir; 

(  —  1)  2H2+02  =  2H20  +  i368i?:; 

(  +  1)  2Na+02+i?2+Aq  =  2NaOHAq  +  2236Z; 

(  +  2)  NaOHAq + HCIAq = NaClAq  +  HgO ^■^^,^K•, 

(  —  1)  Mg+2HClAq=MgCl2Aq+H2  +  io83X; 

(  +  1)  MgCh+Aq=MgCl2Aq+3S9iS:. 
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By  adding  these  equations,  after  multiplying  each  of 
the  factor  in  the  parenth^is,  we  find 

MgCb+2Na-2Naa+Mg+44i.6^. 

In  the  same  way  we  can  find  the  heat  of  combustion 
of  carbon  in  oxygen,  a  value  which  cannot  be  directly 
measured.    Two  reactions  which  have  been  measured 

are 

C+20-C02+97o2r 

and 

C0+O-C02+68oK:C-). 

Adding  these,  after  changing  the  signs  of  the  second,  we 
obtain 

C+  O-CO  +  290J?:, 

i.e.,  the  sum  of  the  energies  contained  in  12  grams  of  solid 
carbon  and  16  grams  of  gaseous  oxygen  is  290!^  greater 
than  that  contained  in  28  grams  of  gaseous  carbon  mon- 
oxide. 

The  process  consists,  then,  in  combining  a  nimiber 
of  measured  reactions  in  such  a  way  that  the  final  one 
is  obtained. 

so.  The  heat  of  formation. — If  the  heats  of  formation 
of  the  substances  from  their  elements  are  known,  then 
it  is  simpler  to  substitute  these  in  a  reaction  and  solve 
for  the  unknown  term.  This  saves  the  trouble  of  elimi- 
nating from  a  large  number  of  equations. 

If  in  a  reaction  we  imagine  all  substances  to  be  de- 
composed  into  their  elements  before  the  reaction  begins, 
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then  the  final  result  of  the  reaction,  after  both  sides 
are  in  the  final  state,  will  naturally  be  the  difference 
in  the  sums  of  the  heats  of  formation  on  the  two  sides. 
We  have,  then,  the  rule:  To  find  (he  heat  liberated  by 
u  reaction  it  is  simply  necessary  to  subtract  the  sum  of 
the  heals  0}  formation  oj  the  original  substances  jrom 
that  of  those  oj  the  final  substances,  Ike  heat  of  jormation 
oj  elements  being  counted  as  zero. 
Since,  in  the  reaction, 

Pb  +  2/  =  Pbl2  +  398^. 
o  =  Pbl2  +  398iE", 


<a 


Pbla^ 


-398^- 


we  can  substitute  jor  the  chemical  symbols  in  an  equa- 
tion the  negative  values  oj  the  heats  oj  jormation  and 
solve  jor  Ike  unknown  term. 

Exam  pies. ^-Fmd   the  change   in  heat   energy  caused 
by  the  decomposition  of  MgCb  by  Na.     We  have 

MgCl2  +  zNa-^2NaCI  +  Mg-f^^. 

The  heat  of  formation  of  MgCIa  =  i5ioJf,  and  that  of 
2NaCI=  i95r-'5S:;  hence 


19S1.6+JC; 


4 
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What   is   the   heat   of   fonnation   of   KMnO*?  We 
have  the  reaction 

2KMn04Aq + sSnClzHClAq  =  5SnCl4Aq  +  2KClAq 

+  2MnCl2Aq + 8H2O + 38672?, 

or,  substituting  the  negative  values  of  the  heats  of  forma- 
tion, 

-  2JC— 4057 —6290  =  — 7859— 2023 —2500— 5469+3867  i 

hence 

»  =  i8i8ie'. 


To  obtain  this  result  by  the  method  of  elimination  woui^ 
require  about  twenty  equations,  which  in  a  direct  elim>'' 
nation  would  cause  considerable  confusion. 

This  substitution  method,  when  it  can  be  used, 
much  less  confusing  than  the  one  based  upon  elimins^-' 
tion,  for  by  use  of  it,  at  worst,  i.e.,  when  the  heats 
formation  have  not  been  directiy  determined,  we 
break  up  the  one,  general,  elimination  into  as  man- 
separate  eliminations  as  there  are  separate  compound 
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in  the   reaction.     This  fact  is  shown  very  dearly  by 
comparison  of  the  two  methods  as  ap[)Iicd  to  the  reaction 
between  solid    MgCla    and    solid    NaC!.     Knowing, 
addition  to  the  six  equations  given  for  the  elimination, 
that 

H-i-\-Ch  +  Aq  =  2HCrAq  +  786^, 

it  is  possible  to  break  up  the  one,  general,  elimination 
into  two  separate  ones,  i.e.,  one  for  the  heat  of  formation 
ot  solid  MgCla,  the  other  for  solid  NaCl.  These  two 
values  can  then  be  substituted  in  the  original  equation, 
just  as  though  they  had  been  found  directly  and  the 
rfsiilt  obtained  without  the  possibility'  of  confusion 
'I'hich  might  otherwise  be  present. 

The  heal  of  formation  of  organic  compounds  can  be 
found  from  the  heals  of  combustion  in  oxygen.  If  the 
EKments  remain  behind  in  the  uncombined  state  the 
negative  value  of  the  one  would  give  the  other.  Thc- 
filffenis,  however,  unite  to,  form  H^O,  CO2,  etc.,  so 
*al  the  heats  of  formation  of  these  must  be  subtracted 
from  the  heat  measured  to  obtain  the  true  value  of  the 
lormaiion  from  the  elements. 

In  order  to  save  lime  heals  of  formation,  instead  of 
being  given  in  full,  as 

J?2+C/2  +  Aq  =  2HClAq  +  7f?6iC, 
HB  often  written  in  the  form 

(ifs,  C/2,Aq)  =  786Ji:;  , 


4 
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i.e.,  only  the  substances  on  the  left  of  the  chemical 
equation  are  given,  and  are  separated  by  co}nmas  and 
inclosed  in  a  parenthesis. 

51.  Chemical  changes  at  a  constant  volume. — ^When 
the  volume  of  a  chemical  reaction  is  held  constant,  ot 
when  the  external  work  {positive  or  negative)  iwvolve^ 
in  the  change  in  volume  is  not  included  in  the  heat  of  th^ 
reaction^  the  reaction  is  said  to  take  place  at  constan-"^ 
volume.  In  other  words,  the  condition  of  constat  "^ 
volume  means  the  condition  involving  no  positive  o: 
negative  external  work  to  the  system.  Under  sue 
conditions  the  energy  in  one  state  is  then  equal  to  tha^^ 
in  the  other  plus  the  amount  of  heat  generated  by  the  change  ^^^ 
The  chemical  symbols  which  we  use  in  such  cases  ex- 
press, in  addition  to  the  ordinary  chemical  meaning- 
the  energy  contained  in  one  mole. 

52.  Chemical    changes   at    a   constant    pressure.— II 
the  volume  changes  during  the  reaction,  and  the  systei 
loses  heat  equivalent  to  the  work  of  expansion,  or  gain^ 
heat  equivalent  to  the  work  done  upon  it  by  a  compres- 
sion, the  reaction  is  said  to  take  place  at  constant  pressure  • 
The  only  difference  between  constant  volume  and  con— 
stant  pressure  conditions,  then,  is  that  no  matter  how 
the  volume  may  change,  the  heat  equivalent  to  the  work 
of  the  change  is  not  considered  as  affecting  the  energy 
of  the  system  under  constant  volume  conditions,  while 
it  is  considered  as  a  loss  (expansion)  or  a  gain  (com- 
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■ession)  to  the  system  when  under  constant  pressure 
•nditions. 

This  loss  or  gain  may  be  neglected  in  all  cases  where 
)  gas  is  formed,  simply  because  the  correction  is  very 
lall  as  compared  to  the  heat  of  the  reaction.  Thus, 
r  example,  we  will  calculate  the  correction  to  be  used 
'  an  increase  of  volume  equal  to  i  cc.  Here  Jv  =  i 
d  ^==1033  grams  and  the  work,  pdv  ^lo^^  gr.-cms., 
ic^li  b  equal  to 

103  "^ 

— 7^^  =-0.024+  cal.  or  o.ooo24ir, 
42600 

-f^    I  mole  of  base  is  mixed  with  i  mole  of  acid  1372^ 
generated,  and  the  volume  increase  is  equal  to  20  cc. 
c^c:e  the  correction  to  be  applied  here  is 

20  X  0.000242? = 0.0048/?, 

i^c:rli  is  so  small  compared  to  ^i^K  that  it  may  be 

sleeted. 

^^en  a  gas  is  formed  the  increase  of  volume  may 

s^^^me  very  large;   consequently  it  is  necessary  in  such 

^s^s  to  use  the  correction.     By  definition  the  external 

Jvork  done  by  the  formation  at  r°  of  i  mole  of  gas  from 

^^gligible  volume  is  2r  cal.,  or  0.02  TiT,  and  for  n  moles 

• 

^s  ^.02nTKj  hence,  in  any  reaction,  for  each  mole  of  gas 
fortnedj  at  the  absolute  temperature  T  under  constant 
t^^ssure,  the  energy  of  the  substance  is  decreased  by  o.oiTK^ 
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In  the  case  of  the  absorption  of  the  gas  the  energy  is 
imreased  by  this  amount. 

Thus  if  I  mole  of  gas  is  formed  by  a  reaction  at  i8°  C. 
the  amount  of  heat  used  for  its  formation  is 

0.02  X  (273°  + 18)  =  5.822?. 

And  at  any  one  temperature  this  is  independent  of  the 
pressure  p. 

Under  constant  pressure,  the  symbols,  in  addition  to 
the  chemical  significance,  represent  the  energy  plus 
the  term  pv  for  i  mole.  This  term  pV  may  be  either 
positive  or  negative,  according  as  the  gas  is  absorbed 
or  formed. 

53.  Relation  between  results  for  constant  volume 
and  constant  presstxre. — Since  what  we  call  the  constant 
volume  condition  is  a  no-external-work  condition,  whether 
the  volume  really  remains  constant  or  not,  and  a  con- 
stant pressure  condition  is  an  external-work  condition, 
no  matter  how  the  pressure  varies  so  long  as  the  volimie 
changes;  and  external  work  done  means  a  loss  of  heat, 
and  work  done  upon  the  system  means  a  gain  of  heat, 
it  is  evident  that  the  relation  between  the  heat  energy 
of  a  reaction  at  constant  volume  and  that  at  constant 
pressure  can  be  represented  by  the  equation 
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where  n  is  the  niunber  of  moles  of  gas  formed  in  excess 
of  those  originally  present,  and  consequently  is  negative 
when  gas,  in  place  of  being  formed,  is  absorbed  by  the 
reaction. 

In  this  way  it  is  possible  to  make  all  our  determina- 
tions for  constant  volume  and  then  calculate  the  result 
to  constant  pressure.  This  latter  is  the  more  useful 
term,  for  all  our  reactions  take  place  in  that  way  under 
atmospheric  pressure.  The  former,  however,  is  that 
usually  determined  in  the  bomb-calorimeter.  An  ex- 
ample of  the  calculation  from  one  condition  to  the  other 
is  given  below.    Find  from  the  reaction 

J2+-O  =H20 +674.8422:  at  18°  const,  vol., 

the  heat  generated  if  the  reaction  takes  place  under  a 
constant  pressure.  By  the  reaction  i  mole  of  hydrogen 
disappears  with  1/2  of  a  mole  of  oxygen  and  forms 
I  mole  of  liquid  water  (no  gas);  consequently  the  heat 
under  constant  pressure  will  be  larger  than  that  for 
constant  volume  by  the  amount  i^^  X  0.02  TK^  for  w  =  —  i  J. 
We  have,  then, 

674.84 +  1^X0.02X291=  683. 57Z  =  Qp, 

as  the  value  for  constant  pressure  at  18°  C. 
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54.  Effect  of  temperature. — If  we  allow  a  reaction 
take  place  first  at  the  temperature  h  and  then  at 
temperature  /2  the  amounts  of  heat  evolved  are  foun 
to  be  different;    assume  them  to  be  Qi  and  Q2  respec 
ively. 

Starting  with   the   constituents,  imagine  the  reactio; 
taking  place  at  the  temperature  h,  at  which  the  amoui»- 
of  heat  Qi  is  evolved,  and  then  heated  to  the  tempera-  — 
ture  /2.    If  c'  is  the  total  heat  capacity  of  the  resulting  prodl  — 
ucts  the  amount  of  heat  necessary  for  this  rise  in  tencM-— 
perature   is   c'(/2  — /i).      The   reaction    has    now  takexi 
place  and  the  temperature  is  fe. 

Starting  again  with  the  constituents  at  the  tempera- 
ture h  assume  them  to  be  heated  to  /2  and  then  to  react, 
evolving  the  heat  Q2.    The  heat  necessary  for  this  ris« 
in   temperature   is  cQ2-h),  where  c   is  the  total  b^^^ 
capacjty  of  the  original  substances. 

We  have  started,   thus,  with  the  same  original  si^"^ 
stances  at  the  same  temperature  and  obtained  the  si^^^^ 
products,  at  the  same  final  temperature;   hence,  by  i^*^ 
law  of  the  conservation  of  energy  (pp.  41-42)  the  amou^^ 
of  heat  involved  must  be  the  s«.me.     We  have,  th^ 


Qi-c\t2-h)^Q2-c{t2-h), 


I.e., 


e2-ei=(c-^)(/2-/i), 


r 


THERMOCHEMISTR  Y. 


or,  for  small  changes, 


The  change  m  the  heat  of  reaction  per  degree  of  tern- 
peratttre  is  equal  to  the  amount  of  heal  necessary  to  raise 
the  temperature  of  the  total  weight  of  the  left  side  of  the 
i^hemical  equation  1°,  minus  that  necessary  to  raise  Ike 
lotai  weight  of  Hie  right  side  1°.  It  will  be  observed, 
then,  that  the  only  change  in  the  heat  of  reaction  with 
the  temperature  is  that  due  to  the  specific  heat  of  the 
substances  present. 

It  is  to  be  noted  here   that  if  csnai  's  larger  than 

W  the  sign  of  -~   will  be  negative.     This  indicates 

that  an  increase  of  temperature  gives  a  decrease  in  the 
''^t  of  the  reaction,  i.e.,  the  heat  varies  inversely  with 
'^  temperature.     If  Cf^^i  is  smaller  than  c^le  the  term 

j(  IS  positive  and  Q  varies  directly  as  the  temperature. 

^mple. — ^When  4  grams  of  hydrogen  at  18°  combine 
*"h  32  grams  of  oxygen  at  the  same  temperature  to 
P'^tice  36  grams  of  liquid  water,  1367. iJf  are  evolved. 
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How  much  heat  will  be  evolved  if  the  same  masses  of 
•  hydrogen  and  oxygen  combine  at  the  temperature  of  200® 
and  the  product  of  the  combination  is  maintained  at  this 
temperature,  the  pressure  being  constant?  The  specific 
heats  per  gram  are:  3.409  for  H,  0.2175  for  O,  i  for  H2O 
from  18°  to  100°,  and  0.4805  for  ^720  between  100°  to 
200°.  The  latent  heat  of  evaporation  of  water  is  536.5, 
all  values  being  expressed  in  small  calories. 
For  liquid  water  up  to  100°  we  have  the  relation 

(4X3.409  +  32X0.2175) -(36X1)=-^  = -15.404  cals., 

and  since  this  is  for  1°,  we  have  for  82°  (i.e.,  100-18) 
82X(  — 15.404)  =1263  cals.  The  heat  of  formation  of 
liquid  water  at  100°,  then,  is 

1367.1  - 12.63  =  1354.472s:. 

But  in  going  into  water- vapor  at  100°  36X536.5  caLs.  01 
this  is  absorbed  by  the  system,  i.e.,  hydrogen  and  oxy' 
gen  forming  gaseous  water  at  100°  evolves 

135^  -47  - 193-14  =  1 161.33^. 

For  the  reaction  between  100°  and  200°  for  gaseous 
water,  as  formed  from  gaseous  hydrogen  and  oxygen,  we 
have  the  temperature  coefficient 


[ 


ther:,ioc'iIEMistr 


(4X3409  +  32X0 


snd,  for  the  interval  of  100"  (i.e.,  200—100), 

100X2.3  =230  cals.  =2.3X'. 
I"  total,  then,  we  have 

1161.33  +  2.3=^1163.63^ 
as  the    lieat  of  transformation  according  to  the  reaction 

A        '  2H2 +  02=2/^20. 

55-    iTie  thermal  reactions  of  electrolytes. — Two  sail 

soluliotis  which  are  so  dilute  that  tlie  ratio  —^  (p.  190)  is 

'f"^   to  I,  do  not  evolve  or  absorb  heat  when  mixed,  pro- 
vided   -fj„  rhe^nical  reaction  takes  place  between  them. 

This  fact  was  first  observed  by  Hess  and  has  been 
confirmed  by  all  observers  since. 

Mother  experimental  fact  observed  to  hold  for  solu- 
hons  of  electrolytes  is  as  follows:  When  an  acid  is 
tOitTalised  by  a  base,  both  being  in  so  great  a  dilution 

tha  the  value  —  for  each  is  equal  lo  i,  as  is  also  that 
"J  the  salt  jonned,  the  heat  evolved  is  equal  to  137K  and 
IS  independent  0}  the  nature  of  the  base  and  acid  used 
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or  the  salt  formed,  so  long  as  this  latter  at  that  dUuti^ 
itU fills  the  condition  —  ==  i. 

These  facts,  taken  in  connection  with  those  mentione 
above  (pp.  180-200)  and  the  conclusions  arrived  at  thew 
are  not  so  startling  as  one  might  imagine  at  first  glance 
Since  for  the  acid  and  base  we  have  the  relation 

/^acid  +  /^baae  ~  COnSt.  =  /^salt> 

the  constant  being  independent  of  the  nature  of  eithe 
the  acid,  the  base,  or  the  salt,  and,  since  the  salt  i 
observed  to  have  a  molecular  weight  (by  definition 
equal  to  one-half  the  formula  weight,  i.e.,  is  completely 
ionized  according  to  all  the  possible  methods  of  measure 
ment,  it  is  quite  certain  that  it  is  made  up  of  the  sub 
stances  previously  composing  the  acid  and  base  in  tli* 
same  state  as  that  in  which  they  existed  in  them.  D 
other  words,  expressing  the  chemical  equation  in  accorc 
with  the  experimental  facts  above,  we  have 

H-+A'  +  M-  +  OH'+nH2O  =  A'  +  M-  +  (w  +  i)H20, 

where  n  represents  the  number  of  moles  of  water  present 
in  the  system  before  the  reaction. 

Since  the  conductivity  shows  the  constituents  of  the 
salt  (the  ions)  to  be  present  in  the  same  form  they  were 
in  originally,  the  only  portion  of  the  reaction  which 
could  possibly  involve  heat  is  the  formation  of  water 
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frem  ionized  hydrogen  {H")  and  ionized  hydroxyl  (OH'). 
As  we  know  that  hydrogen  and  hydroxyl  in  the  ionized 
state  can  exist  together  to  but  an  infinitesimal  extent 
(for  pure  water  conducts  only  very  slightly),  the  follow- 
ing conclusion  is  certainly  justified.  When  an  acid 
unites  with  a  base  (at  any  rate  in  the  condition  in  which 
we  have  assumed  them)  the  cause  of  the  reaction  is  the 
inability  of  ionized  hydrogen  to  exist  in  the  presence  of 
ionized  hydroxyl  beyond  an  exceedingly  small  amount; 
Bnd  the  heat  of  the  neutralization  (for  this  case)  is  that 
iieiit  which  is  evolved  during  the  formation  of  water 
jfom  its  ions  in  this  way,  i.e.,  137^  for  each  mole 
of  H'  and  OH'  (by  definition)  forming  one  mole  of 
HiO  at  25°. 

By  a  method  which  we  shall  consider  later  (Chap. 
•ni)  it  is  possible. not  only  to  show  the  presence  of, 
but  to  calculate  accurately,  the  heat  involved  in  the 
•dissociation  of  a  substance.  When  the  acid  and  salt 
*re  completely  ionized,  for  example,  and  the  base  but 
^ghtly,  it  is  possible  to  show  just  how  much  extra  heat 
(^ther  positive  or  negative)  is  involved  by  the  further 
•iissociation  of  the  base.  For  the  partly  dissociated  base 
niusi  increase  in  dissociation  as  its  ionized  OH  is  used 
"P>  since  the  more  dilute  the  solution  of  the  base  the 
Pfiater  is  its  ionization,  up  to  a  certain  point. 

If  both  the  acid  and  base  are  but  partly  dissociated 
*e  result  will  differ  still  more,  for  heat  will  be  absorbed 
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or  evolved  by  the  further  dissociation  of  both  of  these. 
And  if  the  salt,  also,  is  not  completely  dissociated,  i.e., 
if  more  heat  is  h'bcrated  by  its  undissociated  product 
being  formed,  we  shall  have  a  still  further  quantity. 

It  is  evident,  then,  that  the  heat  generated  by  the  neu- 
tralization of  an  acid  by  a  base  is  equal,  for  each  mole  of 
water  formed,  to  i^jK  plus  the  heat  produced  by  the  amount 
ofun-ionized  salt  formed,  plus  the  sum  of  the  hecUs  evolved 
in  the  completion  of  the  ionizations  of  the  acid  and  (he 
base. 

It  is  for  this  reason  that  we  get  a  larger  heat  of  neu- 
tralization for  certain  acids  with  caustic  soda  than  for 
others,  for  heat  is  given  out  by  the  further  ionization 
of  the  acid  and  association  of  the  salt;  and  consequeniy 
the  heat  of  neutralization  is  in  no  sense  a  criterion  as  to  | 
the  strength  of  the  acid. 

Later  we  shall  consider  this  relation  more  in  deatil» 
i.e.,  after  we  have  studied  the  method  to  be  used  fo^ 
the  calculation  of  the  heat  of  dissociation. 

It  is  obvious  from  the  above  that  the  thermal  proj^' 
erties    of    electrolytes    are    additive    when    they  are    ^^ 

iJL. 

such  a  dilution  that    they  fulfill  the    condition  —  =     ^• 

When  not  in   this  condition  the  change  in  the  thenc»-^^ 
effect   depends   upon    the   amount   of  heat   involved     ^ 
causing  them  to  alter  their  states. 
When  a  precipitate  is  formed  in  such  a  solution  (i-^*/ 
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when  a  chemical  reaction  lakes  place,  which  was  excluded 
above)  it  is  often  possible  to  find  Us  heat  of  formation 
jusi  as  we  found  that  of  water.  An  example  of  this  is 
the  following : 

Ag-Aq  +  NO^Aq  +  Na' Aq  +  CI' Aq  =  AgClAq  +  Na"  Aq 
I  +NO'3Aq  +  i58X 


I 


Ag-Aq  +  Cr  Aq  =  AgClAq  +  158^: 

i^.,  when  1  mole  of  AgCl  is  formed  from  the  ionized 
silver  and  ionized  chlorine  in  a  solution  heat  equal  to  158K 
is  evolved.  Conversely  if  i  mole  of  AgCl  were  dissolved, 
this  amount  of  heut  would  be  absorbed,  i.e.,  the  heat 
of  solution  of  a  substance  is  equal  to  the  negative  value 
ot  the  heat  of  precipitation. 

Although  this  is  not  always  possible,  we  can  find  the 
heat  of  formation  in  solution  in  another  way.  The  princi- 
ple of  this  is  as  follows:  By  electrical  measurements  it 
tis  been  possible  to  find  the  amount  of  heat  involved 
when  2  grams  of  gaseous  hydrogen  form  3  grams  of 
ionized  hydrogen  in  solution.  This  value  is  approxi- 
""aidy  equal  to  4  J,  but  since  there  is  some  uncertainty 
about  its  exact  value,  it  is  usual  to  assume  it  equal  to 
'tto.  Later,  then,  the  results  based  upon  this  can  be 
'tadQy  recalculated.     From  this  value,  by  dissolving' a 


234 


ELEMENTS  OF  PHYSICAL  CHEMISTRY^ 


metal  in  a  completely  ionized  acid,  i.e.,  by  the  substi- 
tution of  metal  in  the  ionized  state  for  the  hydrogen, 
which  is  evolved  as  a  gas  from  that  state,  we  can  observe 
directly  the  heat  of  formation  of  the  ionized  metal  from 
massive  metal.    By  then  determining  the  heat  of  solu- 
tion of  a  completely  ionized  salt  of  this  metal,  the  heat 
due  to  the  negative  radical  can  be  determined  readily, 
for  the  heat  of  solution  of  the  salt  is  equal  to  the  sum 
of  the  heats  of  ionization  of  the  constituents,  of  whidi 
we  assume  that  of  hydrogen  to  be  zero. 


Cathions 

J- 

joules  X  lo' 

Anions  of 

J— joules  X 10* 

Hydrogen 

H* 

+      o 

Hydrochloric  acid 

CI' 

+  164 

Potassium 

K- 

+  259 

Hypochlorous  arid 

CIO' 

+  109 

Sodium 

Na- 

+  240 

Chloric  acid 

CIO,' 

+    9« 

Lithium 

Li- 

+  263 

Perchloric  acid 

CIO/ 

-  162 

Rubidium 

Rb- 

+  262 

Hydrobromic 

Br' 

+  118 

Ammonium 

nh; 

+  137 

Bromic  acid 

BrOa' 

+    47 

Hydroxy  lamine 

NH,0* 

+  157 

Hydriodic  acid 

I' 

+    55 

Magnesium 

Mg- 

+  456 

Iodic  acid 

IO3' 

+  234 

Calcium 

Ca- 

+  458(?) 

Periodic  acid 

10/ 

+  195 

Strontium 

Sr" 

+  501 

Hydrosulphuric  acid 

S" 

-    53 

Aluminium 

Al- 

+  506 

HS' 

+     5 

Manganese 

Mn* 

+  210 

Thiosulphuric  acid 

S2O3" 

+  5fj 

Iron 

Fe" 

+   93      ' 

Dithionic  acid 

S2O0" 

+  1166 

Fe* 

-   39 

Tetrathionic  acid 

S^Oe" 

+  1093 

Cobalt 

Co- 

+   71 

Sulphurous  acid 

S03" 

+  633 

Nickel 

Ni- 

+   67 

Sulphuric  acid 

so/' 

+  897 

Zinc 

Zn- 

+  147 

Hydrogen  selenide 

Se" 

-  149 

Cadmium 

Cd- 

+   77 

Selenious  acid 

SeOa" 

+  501 

Copper 

Cu- 

-   66 

Selenic  acid 

SeO/' 

+  607 

Cu- 

-   67(?) 

Hydrogen  telluride 

Te" 

-  140 

Mercury 

Hg- 

-  85 

Tellurous  acid 

TeOa" 

+  in 

Silver 

Ag- 

—  106 

Telluric  acid 

TeO/' 

+  412 

Thallium 

Tl- 

+     7 

Nitrous  acid 

NO2' 

+  113 

Lead 

Pb- 

+     2 

Nitric  acid 

NO/ 

+  205 

Tin 

Sn- 

+    14 

Phosphorous  acid 

HPO3' 

+  603 

Phosphoric  acid 

PO/" 
HPO/' 

+1246 
+1277 

Arsenic  acid 

AsO/" 

+  900 

Hydroxyl 

OH' 

+  228 

Carbonic  acid 

HCO/ 
CO/' 

+   674 
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In  this  way  the  table  given  on  p.  234  has  been  prepared 
by  Ostwald.  In  order  to  find  the  heat  of  formation  of 
the  salt  it  is  only  necessary  to  form  the  sum  of  the  heats 
due  to  the  ions  into  which  it  decomposes,  taking  into 
accoimt  the  valence  of  the  ions  as  indicated  by  the  dots 
for  the  electro-positive  and  the  accents  for  the  electro- 
negative substances. 

These  numbers  hold  only  for  the  case  that  the  sub- 
stances are  in  very  dilute  solution,  i.e.,  Aq  shotdd  be 
added  to  the  symbol  of  each  ion.  For  stronger  solutions, 
m  which  the  ionization  is  not  complete,  other  amounts 
of  heat  are  involved  which,  unless  allowed  for,  will  lead 
to  incorrect  results. 

The  equations 

Na=  Na*-F240  J 
and 

Cl2  =  2Cr-l-2Xi64  J 

mean  that  by  the  transformation  of  the  formula  weight 
of  metallic  sodium  into  the  ionized  state  240  J  are  evolved; 
and  for  the  change  of  the  formula  weight  of  chlorine  gas 

into  two  formula  weights  of  ionized   chlorine  (p.    189) 

2X164  J  are  liberated. 
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A.  Equilibrium. 

56.  Reversible  reactions. — If  we  bring  a  number 
of  reacting  substances  together  in  a  chemical  system, 
and  leave  them  for  a  sufficient  length  of  time,  the  reaction 
will  reach  an  end,  and  we  shall  have,  according  to  a 
previous  general  definition,  a  solution,  i.e.,  a  mixture 
containing  solids,  gases,  or  liquids,  or  all  three. 

To  represent  any  chemical  reaction  we  may  use  the 
equation 

Here  Wi  moles  of  Ai,  «2  of  A2,  fis  of  ^3,  etc.,  unite  to 
form  til  moles  of  ^1',  W2'  of  A2,  n^  of  ^3',  etc.  When 
all  these  substances  can  remain  together  for  an  indefinite 
length  of  time,  without  the  reaction  going  in  either  direc- 
tion to  produce  a  lasting  change,  they  are  said  to  exist  in 
chemical  equilibrium. 

Reactions  which  go  partly  from  left  to  right  when  wc 
start  with  the  substances  Ai^  A2y  etc.,  and  partly  from 
right  to  left  when  we  start  with  A^"   A2',  etc.,  are  called 

reversible  or  reciprocal  reactions^  provided  that  in  eacf^ 
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mc,  starling  imih    equivalent  amounts,   the    final  equi- 
librium is  the  same  jor  both  directions. 
An  excellent  example  of  such  a  reaction  is 

C2H5OH  +  CHsCOOH^CHaCOOCaHs  +  H2O. 

Aln,h[jl.  Acetic  Acid.  Ethyl  Acetate.  Water. 

If  we  Start  from  the  left  side  we  obtain  a  certain  defi- 
nite amount  of  those  on  right  and  vice  versa.  For  example, 
I  mole  (46  grams)  of  alcohol  plus  i  mole  (60  grams) 
of  acetic  acid,  or  1  mole  (88  grams)  of  ethyl  acetate 
plus  I  mole  (18  grams)  of  water,  will  always  give  the 
same  final  state,  in  which  we  have 

1/3  mole  alcohol+ 1/3  mole  acetic  acid 

+  2/3  mole  ethyl  acetate +  2/3  mole  water. 

S7-  The   law    of   mass   action. — Considering   such   a 
revetsible  reaction  as  that  above,  or,  for  example, 

™  question  at  once  arises — in  which  direction  and  to 
^'nal  eaent  will  such  a  reaction  go  when  we  start,  for 
"Stance,  with  a  certain  concentration  or  pressure  of 
•^^  of  tjie  three  gaseous  constituents,  HI,  I  and  H7 
FtDm  the  purely  chemical  point  of  view  the  above 
^uation  simply  provides  that  if  we  start  with  i  mole 
of  hydrogen  and   i  mole  of  iodine,  and  if  these  unite 
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completely,  2  moles  of  hydriodic  acid  gas  will  be  formed; 
or  if  we  start  with  2  moles  of  hydriodic  acid  gas,  and 
this  is  completely  decomposed  we  shall  obtain  i  mole 
each  of  hydrogen  and  iodine.  As  to  what  portion  of 
the  hydrogen  and  iodine  will  unite  to  form  hydriodic 
acid;  or  what  portion  of  the  total  original  amount  of 
hydriodic  acid  will  decompose  to  form  hydrogen  and 
iodine;  or  what  will  take  place  if  all  three  are  mixed 
together;  we  are  utterly  ignorant,  failing  further  infor- 
mation than  that  contained  in  the  chemical  equation. 

The  answers  to  these  questions  can  only  be  obtained 
by  the  application  of  a  very  general  law  which  was  first 
announced  by  Guldberg  and  Waage  in  1864.  The 
qualitative  form  of  this  law  0}  mass  action  is  as  follows: 
Chemical  action,  at  any  stage  of  the  process,  is  propor- 
tional to  the  active  masses  of  the  substances  present  at 
that  time,  i.e.,  to  the  amounts  of  each  present  in  the  unit 
of  volume. 

In  this  form,  however,  the  law  of  mass  action  is  of 
but  little  practical  use.  It  will  be  necessary,  then,  for 
us  to  derive  a  quantitative  expression  of  it,  and  thus 
to  obtain  it  in  such  a  form  that  it  may  be  applied  to 
our  needs  in  answering  questions  such  as  those  alluded 
to  above. 

Imagine  a  reaction  of  the  type 

niA  1  +  n^A  ^^niA  x  -f  «/i4  / 
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having  taken  place  in  a  closed  vessel  and  to  have  attained 
a  state  of  equilibrium  in  which  we  have  the  partial  pres- 
sures ply  p2y  pi   and  p2. 

Assume,  further,  that  it  is  possible  to  insert  each  of 
the  substances  on  the  left  against  its  gaseous  or  osmotic 
pressure  pi,  p2,  and  to  remove  each  of  the  products, 
as  they  are  formed,  from  the  gaseous  or  osmotic  pressure 
Pit  p2  to  the  original  external  pressure  po — and  that 
this  insertion  and  removal  is  isothermal  and  reversible. 

Since  by  such  a  series  of  operations  we  would  do 
work  on  one  side  (— ),  and  obtain  work  (+)  from  the 
other,  the  sum  of  the  two  amounts  (regarding  the  signs) 
would  give  us  an  expression  for  the  work  (  +  or— )  which 
is  done  by  the  system  itself  during  the  transformation, 
at  constant  temperature,  of'wi  moles  of  Ai  and  W2  moles 
of  -42  to  «i'  moles  of  Ai  and  «2'  moles  of  ^2',  the  initial 
and  final  pressure  being  the  same,  viz.,  pQ,    And  this 
in  its  turn  would  lead  to  the  expression  of  the  quan- 
titative relation  existing  between  the  active  masses  of  the 
constituents  at  equilibrium,  i.e.,  to  the  relation  we  seek. 
Since   the  work  required  to   change   the   osmotic  or 
I      gaseous  pressure  of  i  mole  of  substance  from  po  to  pi  is 

I      given  by  the  expression  i^riog^— ,*  that  for  Wi  moles 
;  po 

1  

*  Work=  Vdp=^^dp^RT   I     -— -^  RT  logeA         Robertson     (J. 

P  Jp^    P  P^ 

Phys.  Chem.,  10,  521-523,  1906)  in  this  connection  has  pointc'  out 
toat  even  H  pV^RT  does  not  hold,  but  p(V-d)  =  RT  dot.,  the 
"^Ovg.tj[on  will  still  be  correct^  for  the  coi^stant  4  would  disappear. 
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will  be  niRTlog^  t-    For  n2  moles  of  -42  we  have  th. 

Po 

P2 
corresponding    expression    «2^T'log,^.     The    sum 

these  two  terms  is  the  work  done,  i.e.,  lost,  by  us  in  th- 
process.    The  gain  of  work  for  us  then  for  this  stage  U 


-RtI  fti  log,  T^  +»2  log. 


M 
Po/' 


le 
is 


By  the  removal,  as  they  are  formed,  of  ni'  moles  of  A        j' 

and  «2'  moles  of  A2\  the  amount  of  work  (a  gain  for  ii£=sj 
is 

i?r(«.Mog,^H-n.'log,|f). 

In  total,  then,  our  gain  in  work  in  transforming  '^^i 
moles  of  A I  and  W2  moles  of  ^42  into  «i'  moles  of  A  1 
and  W2'  moles  of  A  2   at  constant  temperature,  the  initi^ 
and  final  pressure  being  po,  is 

l^=2?r(«i'log,^+»,'log,^-«ilog.|i-n.log,^)' 


or 


W=RT(ni  log,/>o  +  W2  log^po-ni'  log,/>o-W2'  log,/>o) 

+RT(ni'  log^/^i'  +  wo'  log,/>2'-wi  log,/>i-»2  lo&^^' 
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But,  as  we  simply  wish  to  get  the  relation  which  depends 
^pon  the  pressures  in  the  reaction  at  equilibrium,  and 
the  pressure  po  has  nothing  to  do  with  this,  we  can  assume 
Po  to  be  I,  and  obtain,  since  the  first  term  is  equal  to  zero, 

^'  ==RT(ni'  log,/>i' -f  «2'  log^p2-ni  lo&/>i  -»2  log,/>2). 

A.S  the  processes  of  insertion  and  removal  are  assumed 
^^  be  isothermal  and  reversible  this  work,  W\  for  po==i, 
^^3t  be  the  maximum  work  which  can  be  done  by  the 
^^<x<:iion,  and  hence  must  be  a  constant  at  anv  one  tem- 
P^rature. 

A^e  have,  then, 

(18)  W  -constant  ^RT  log/ '      1^,    , 

^  o*    ^1   *^2^ 

^J^<i  since  if  the  logarithm  is  a  constant  the  expression 
Itself  must  be  a  constant,  and  since  T  and  R  are  also 
^^ixstants. 


(iQ>  Constant =2?:„  = 


^l'^^>2'^' 


»»i*«^ 


/^l^»/^2 


^^   since  at  any  one  temperature  pressure  and  concentra- 
^^ri  are  proportional,  we  have 
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where  the  relationship  between  Kp  and  Ke  can  be  readily 

I       p 
found  as  follows:  Since  c=t7~  d^' 

^    \rtI   \rtJ      ,^^  ^      ,    .^ 
[rtJ  \rt) 

The  constant  for  concentrations  is  equal  to  that  for  preS 
sures  multiplied  by  RT  raised  to  a  power  equal  to  th 
difference  between  the  number  of  moles  originally  preset 
and  those  finally  present  in  the  cliemical  equation.  CalliiB- 
the  initial  moles  2w  and  the  final  one  2»'  we  ha^ 
/r^=/rp(/?r)2n-Sn'.  When  the  reaction  is  similar  t 
2HI  =  H2  +  l2,  i.e.,  when  we  have  the  same  number  c 
moles  on  each  side   (2),   2n-2»'  becomes  zero,  an^ 

The  constant  {Kp  or  Kc)  is  known  as  the  constant  c 
equiUbrium. 

We  may  express  the  law  0}  mass  action  as  follows,  then 
at  equilibrium  the  product  of  ih^  pressures  {concentres 
tions)  of  the  substances  on  the  right  (final  ones),  eacJ 
raided  to  a  power  equal  to  the  number  of  the  moles  reacting 
divided  by  the  product  of  the  pressures  (concentrations)  oj 
the  substances  on  the  left  (initial  ones),  each  raised  to  fl 
wrrespondini^  pcKcer,  is  a  constant  for  any  one  reaction 
at  any  definite  temptrature. 
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The  variation  of  this  constant,  Kp  or  Kc  with  the  tem- 

:>erature  is  to  be  considered  later,  after  we  have  studied 

tlie  application  of  this  most  important  and  general  law. 

58.  Equilibrium  in  homogeneous  gaseous  systems. — 

For  gases  we  can  most  conveniently  use  the  form  of 

the  law  of  mass  action  which  refers  to  partial  pressures, 

(19)  •    We  have,  then,  for  the  equilibrium  of  a  gaseous 

chemical  system 

# 

An.    example  of  this  is  given  by  the  gaseous  reaction 

2III  =^H2-\-l2< 

K    the  partial  pressure  of  H  is  Pi,  that  of  I  p2,  and 
that  of  HI  p,  then 

This  case  was  investigated  by  Bodenstein,  who  found 
by  experiment  that  at  a  temperature  of  boiling  sulphur 

(440°) 

wffp  =0.02012. 
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If  we  heat  hydriodic  acid,  then,  to  this  temperature, 
it  is  possible  to  calculate  from  its  amount  the  amounts 
of  hydrogen  and  iodine  and  imdecomposed  hydriodic 
acid  in  the  gaseous  state  present  at  equilibriiun. 

The  total  pressure  of  a  mixture  of  gases  is  equal  to 


where  the  terms  on  the  right  are  the  partial  pressures. 
If  H  and  /  are  present  in  the  free  state  at  the  partial 
pressures  a  and  b  and  HI  to  d,  and  we  wish  to  find  i^ 
what  direction  and  to  what  extent  the  reaction  will  SP^ 
we  proceed  as  follows :  Let  x  represent  the  partial  pres- 
sure of  H  lost ;  then,  according  to  the  reaction  2HX  ^ 
i?2+/2,  we  shall  have,  at  equilibrium y  for  the  partial 
pressure  of  i?/,  if  the  volume  remains  constant^ 

pHI=d  +  2Xy 

for  H  uncombined 


pH  =  a-Xy 


and  for  /  uncombined 


pi  =  b—x. 


X  must  have  such  a  value,  then,  (i.e.,  the  reaction  mU^^ 
go  so  far)  that  at  equilibrium  it  will  just  satisfy  the  equ^' 
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lion  of  the   hiw   of   mass    action,  tor  the    reactioi]    at 
440°. 

^_ _( 

Knowing  a,  b,  and  d,  it  is  possible  to  solve  the  eqtiation 
lor  *,  and  to  find  how,  and  how  far  the  reaction  will 
go.  For  example,  in  this  case,  if  x  is  positive  in  value, 
tile  reaction  will  go  toward  the  left,  as  wc  have  assumed; 
if  negative,  in  tl:e  opoosite  direction. 
There  is  one  thing  to  be  said  of  the  solution  of  such 
iquations.  There  are  two  possible  values  of  x;  which 
to  be  taken  ?  It  will  be  found  in  this  case,  as,  indeed, 
all  others,  that  only  one  value  is  in  accord  with  the 
■"isting  data,  so  that  it  alone  could  be  taken.  For 
instance,  if  the  positive  value  of  x  is  larger  than  a  or  6 
it  Would  lead  to  an  absurdity,  for  it  would  show  a  nega- 
tive value  for  H  or  /,  and  the  otiier  value  is  the  correct 
one,  In  cases  of  equations  of  a  higher  degree,  where 
oiore  than  two  roots  exist,  this  same  rule  is  to  be  fol- 
lowed. A  possible  case  here  is  to  h.tve  two  values  of 
"ip  same  sign,  but  one  smaller  than  the  other.  There 
■^1  be  no  question  in  such  a  case,  however,  for  if  the 
fraction  would  be  in  equilibrium  after  the  smaller  change 
"^  occurred,  it  could  not  go  out  of  this  state  to  attain 
"^  equilibrium  shown  by  tlie  greater  \'alue,  hence  the 
''■^er  value  is  to  be  taken  as  the  correct  one. 


246  ELEiiEXTS  OF  PHYSICAL  CHEMISTRY. 

Heie  we  have*  used  the  partial  piessiire  form  of  the 
law  of  mass  actkm;  we  could  use  tbe  other  just  as  well 
however,  for,  as  was  mentioned  above,  the  constant  for 
this  reaction,  as  for  all  others  with  the  same  number 
of  fcvmuhi  weights  on  both  sides,  has  the  same  value  for 
ccmcentratiDns,  pressures,  volumes  under  standard  con- 
ditions, or  any  other  term  proportional  to  concentrations 
Qi  pressures. 

A  further  effect  of  this  condition  of  equal  volume  on 
the  two  sides  is  that  the  progress  of  the  reaction  is  ptf ' 
fectly  independent  of  pressure  (Le  Chatdier's  theoiemi 
p.  33) :  and  Lemoine  has  shown  this  to  be  true  for  the 
decomposition  of  HI  for  pressures  ranging  from  0.3  to 
4.5  atmospheres. 

In  using  concentrations  in  place  of  partial  pressures 
it  is  always  to  be  remembered  that  the  concentration 
(i.e.,  moles  per  liter)  is  the  actual  number  of  moles  present 
di\dded  by  the  total  volume  (see  pp.  29-33).  ^  exain- 
ple  will  perhaps  make  this  clearer.  In  the  reaction 
i4  '=2J5+-D,  at  equilibrium,  we  have  o.i  mole  of  Aj  0.3 
of  B  and  .05  of  Z)  in  10  liters  at  atmospheric  pressure 
and  0°.  Starting  with  0.5  mole  of  A,  o.i  of  B  and  0.4  ^^ 
D,  in  22.4  liters,  find  direction  and  extent  of  the 
reaction. 

Here  we  must  first  find  the  constant  of  equilibrium 
for  the  data  given  at  equilibrium.     Since  we  have  0.1 
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tiole  of  i4  in  10  liters,  the  concentration  of  ^,  at  equilib- 

.0.1      -  „  0.3        ,     r  ^  0-05   , 

num  IS  — ,  of  B  --^,  and  of  D  — ^,  hence 

10  10'  10 


o. 


10/  \  10 


i^. 


Assuming  that  x  moles  of  A  are  formed  by  the  reac- 
tion, the  final  volume,  from  the  0.5  of  ^,  the  o.i  of  5, 
and  the  0.4  of  D,  will  be  [(0.5  +:x;)  4-  (o. j  —  2x)  +  (0.4 —rv)] 
22.4  liters,  the  temperature  remaining  constant  at 
5°      i.e.,    (1—20^)22.4    liters.      The    concentrations    at 

0.5 -f^ 
Quilibrium,   then,  will  be  -7 ;^ moles   per   liter 

(i  — 2A;)22.4  '^ 

F  ^        0.1—2X       .  _        ,      0.4— :x:         r  ^  , 

^  -4  ,  7 r of  B,  and  ; r of  Z>,  hence  the 

(i— 2:x;)22.4  (i— 2:x:)22.4 

Ju.^  of  Ke:  as   found  above,  is  to,  be  equated  to  these 

I'lu.es  in  the  following  way: 


K. 


/  0.1—2^  y/  0.4—^    \ 
\(i— 2:^)22.4/  \(i— 2:^)22.4/ 

\(i  — 2^)22.4/ 


2-11^  the  sign  of  x  will  show  the  direction  of  the  reaction, 
^^^  the  numerical  value  its  extent  (p.  245). 

Since  according  to  the  law  of  mass  action  the  con- 
juration is  to  be  raised  to  a  power,  it  is  the  whole  frac- 
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representing    il   ivlijch  is  to   be  so  treated, 


thi  I 


\mher  of  moles  per  liter. 

When   applied   to    the   equilibrium   resulting  from     * 
.seous  dissociation   the   constant  of  the  law  of  m^^ 
tion  is  usually  designated  as  the  constant  oj  dissaci^' 
m.     From  it,  it  is  possible,  just  as  above,  to  calcul** 
e  degree  of  dissociation  from  a  certain  amount  of  tl»^ 
ssociating  substance,  or  how  much  of  the  product^' 
hen  present  alone,  or  with   the   substance,  will  unit;^ 
.  form  the  substance  itself.     And,  conversely,  we  caf* 
Jculate  Kc  or  Kj,  for  each  of  the  substances  for  whid» 
ita  was  given  on  page?  27  and   28;  and   the  values  will 
:  dependent  only  upon  the  temperature,  the  imits  etn- 
oyed,  Le.,  c  or  p,  and  nature  of  the  substance 
Where,  as  is  the  case  here,  we  know  a,  the  degree  of 
ssociation  of  the  substance,  we  can  proceed  as  follows: 
jr  the  reaction 

PCls^PC/a  +  C/a, 


r    example, 
rmula 


luld    have    for    concentrations    the 


Starting  with  i  mole  of  PCl^,  which,  if  undissociated, 
juld  occupy  V  liters  at  atmospheric  pressure,  with  a 


^'^^^ 
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a?  the  degree  of  dissociation,  the  concentrations,  where  V 
is  the  final  volume,  i.e.  (i  +  a)F'  at  the  same  tempera- 
ture and  pressure,  are  as  follows :  For  PCI5,  at  equilibrium, 

I  — ct  oc  oc 

—Tr—y  for  PC/3  TF,  and   for  CI2  -y,  hence  Key  which  we 

vrish  to  determine,  is  to  be  found  from 

"    (i-a)F  V'^-'F^F*      F     /• 

At   250®  for  PC/s  a  =80%  (page  27)  and,  since  the 
pressure    is   atmospheric,  i    mole   must   be   present   in 

22.4 — -^ ^~  liters;    this  is  equal   to   F'.     F,  then,  is 

(273  +  25o\ 
22.4 ),  and  we  have  as  the  dis- 
sociation constant  for  PCI 5  at  250° 

j^      (0.8)2 


(i  ~o.8)(i  4-0.8)22.4^^^^^^150 

273 

From  the  value  thus  obtained  wc  could  then  calculate 
the  direction  and  extent  of  the  reaction  at  250°  when 
we  start  with  definite  amounts  of  the  three  constituents, 
or  the  value  of  a  for  a  different  F. 

A  physical  idea  of  the  dissociation  constant,  as  found 
for  concentrations,  can  be  obtained  by  aid  of  the  formula 
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Kc=^,  __  \y  Assuming  that  a  is  equal  to  0.5,  i.e.,  that 
the  degree  of  dissociation  is  50%,  for  a  reaction  by  which 
I  mole  is  transformed  into  2,  we  find  that  J^c^'/    '  nt/i  or 

2Kc  =  y.»     The  dissociation  constant   {for  concentrations) 

of  such  a  reaction,  then,  when  multiplied  by  2  is  eqwd  to 
the  reciprocal  of  the  final  volume  resulting  from  the  dis- 
sociation of  I  mole  into  2  to  the  extent  of  50%.  This 
volume  is  that  in  which  i  mole  of  the  original  substance 
must  be  placed  in  order  that  at  that  temperature  it  may 

X 

dissociate  to  the  extent  of  50%  into  two  others.     Since  ^> 

the  reciprocal  of  the  volume  produced  by  the  dissociatioti 
of  I  mole,  is  equal  to  C,  the  concentration  in  moles  p^^ 
liter,  we  also  have  2Kc  =  C,  An  example  of  the  use  o^ 
this  relation  is  given  by  the  reaction  N2O4  =  NO2  +  N0^y 

for  which   Kc= .  __   .t^  =  0.0138    (calculated    from  /'^^^^ 

182.69  mm.,  rfd=  1-894,  (/u  =  3-i8,  i.e.,  a  =0.69  aa^ 
F  =  iii,  all  at  49^.7).     Nitrogen  tetroxide,  then,  shouL<d 

be  50%  dissociated  at  a  concentration  of  2  X  0.0138  =  y:  = 

moles  per  liter;   or  at  a  dilution  of  i  mole  in  36.3  liters 
Experiment  shows  that  at  this  temperature  a  =0.493  a-^ 


r 
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the  dilution  i  mole  in  40  liters,  which,  considering  the 
single  value  from  which  K^  is  determined,  and  the  evident 
small  error  in  observations,  is  a  satisfactory  agreement. 

A  similar  physical  definition  could  also  be  deduced 
for  the  reaction  A  =  2B  +  D,  where  K,=  .   _  but 

It  is  not  so  simple  as  the  other. 

It  is  to  be  noted  here  that  the  product  of  the  substances 
™  the  right  of  the  equa,tion  has  always  been  placed 
"1  the  numerator  of  the  fraction  giving  the  value  of  Kc 
"r^p  (p.  241).  This  arrangement,  of  course  is  optional 
so  long  as  it  is  retained  the  same.  In  the  one  case  the 
value  of  Kc  or  Kp  will  simply  be  the  reciprocal  of  that  of 
'he  other. 

In  speaking  of  dissociation  (p.  26)  it  was  mentioned 
that  the  addition  of  one  of  the  products  of  dissociation 
to  the  system,  or  their  previous  presence  over  the  flisso- 
ciating  body,  decreases  the  extent  of  the  dissociation. 
That  this  must  be  true  according  to  the  law  of  mass 
wtion  is  made  obvious  by  the  consideration  of  any  defi- 
nite ca^. 

Supposing,   for  example,   in   the   case   of   phosphorus 

Pentachloride,  the  space  over  it  contains  chlorine  prior 

,„.,,...  _.  ,  .    cone.  C/X  cone.  PCI3 

"■  trie  dissociation,     bince  the  ratio  — =>;; ■ 

cone.  rC/s 

"nust  be  a  constant,  less  of  the  PCU  will  dissociate,  for 

^  of  it,  with  the  chlorine  already  present,  will  suffice 
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I 


A  somewhat  more  complicated  case  of  the  application 
of  the  law  of  mass  action  to  homogeneous  gaseous  sys- 
tems is  given  by  the  dissociation  of  carbon  dioxide,  ac- 
cording to.  the  scheme, 

2C02  =  02-f2CO. 

If  at  equilibrium  at  any  definite  temperature  the  partial 
pressures  are  p  for  CO2,  pi  for  oxygen,  and  p2  for  CO 
(where  these  come  from  the  CO  2),  then  for  that  temper- 
ature 

^  _pip2^ 

and  if  oxygen  is  already  present,  from  an  exterior  source, 
to  the  pressure  a,  the  decrease  in  the  pressure  of  carbon 
monoxide  due  to  its  efiFect  upon  the  dissociation  can  be 
readily  calculated. '  We  have,  then,  if  the  volume  of  the 

system  is  unchanged, 

from  which  x  can  be  calculated  (p.  245).  p2  —  2X  will 
then  give  the  partial  pressure  of  carbon  monoxide,  and 
P  +  2X  that  of  carbon  dioxide,  in  the  presence  of  a  of 
oxygen,  the  constant  remaining  as  above. 

For  carbon  dioxide  at  atmospheric  pressure  and  3000°, 
a  =0.4,  i.e.,  0.5  of  the  total  pressure  is  due  to  CO2, 
0.33  to  CO,  and  0.17  to  oxygen,  consequently 
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for  these  are  partial  pressures,  the  total  pressure  being 
I  atmosphere. 

The  constant  for  CO2  may  also  have  a  different  value; 
it  is  that  which  is  obtained  from  the  formula 

and  is  equal  to 

^^ p—' 

which,  with  the  above  data,  leads  to  the  value 

Zp=r  0.272. 

Naturally,  whatwas  said  above  of  the  arrangement  of  the 
I'atio  expressing  K  also  holds  here.  Either  constant  may 
be  used  for  this  temperature,  provided  that  we  always 
Use  the  same  form  of  relation. 

This  is  also  true  for  the  reaction 

N20^^=±N02+N02,  or  N20^^2N02, 
pyrhich  may  be  written  by  the  a  formula  cither  as 

^c      (j^^)7     V      '  \V/    '     V  )' 
Lnd  one  form  must  be  selected  and  retained. 
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For  examples  of  the  law  as  given  above  see  Boden- 
stein  and  Pohl,  Z.  f.  Elektrochem.,  11,  373,  1905;  Tower, 
J.  Am.  Chem.  Soc,  27,  1209-1216,  1905;  Lewis,  ibid,y 
28,  1380-1395,  1906;  von  Falkenstein,  Z.  f.  Elektrochem., 
12,  763-764,  1906. 

59.  Equilibrium  in  non-homogeneous  systems.— As 
we  found  above  (p.  117),  so  long  as  a  phase  of  a  system  is 
present  at  all,  its  amount  is  without  influence.  For  this 
reason  the  application  of  the  law  of  mass  action  is  simpler 
in  the  case  of  a  non- homogeneous  than  in  that  of  a  homo- 
geneous one,  for  the  active  mass  of  a  solid  phase  remains 
constant  so  long  as  it  is  present  at  all,  and  thus  can  be 
included  in  the  constant  of  equiUbrium;  the  new  value 
being  a  constant,  although  not  the  one  which  would  be 
obtained  were  these  factors  regarded.  As  long  as  we 
have  the  ratio  of  the  masses  of  the  constituents  which 
regulate  the  reaction,  however,  this  constant  value  fulfik 
all  our  needs.     Thus  for  the  reaction 


CaC034^CaO  + CO 


2> 


calling  the  constant  pressures,  due  to  gaseous  CaCOa 
and  CaO,  r.\  and  7:2,  and  that  of  the  CO2  p,  we  have, 
according  to  the  law  of  mass  action. 
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but  since  ni  and  ;r2  will  remain  constant  at  any  one  tem- 
perature, we  may  employ  the  simpler  form 

i.e.,  equilibrium  at  any  one  temperature  depends  only 
upon  the  pressure  of  the  carbon  dioxide  gas  produced. 

In   Table    VI  the  pressures   are   given   under  which 
equilibriiun  exists  at  different  temperatures. 


Table  VI. 

EQUILIBRIUM  OF  CaCOa^r^COa  +  OaO. 


Temperature  *  C.     Press,  nuns,  of  Hg. 

Temperature  *  C.     Press,  mms.  of  Hg 

$47                             27 
610                             46 
625                             56 
740                           255 

745                             289 
810                             678 
812                              753 
865                           1333 

This  means  that  CaCOs  when  heated  in  a  vacuum 
to  any  temperature  gives  ofiF  CO  2,  CaCOa,  and  CaO 
until  a  certain  pressure  is  reached.  Thus  at  547°  a 
pressure  of  27  mms.  of  Hg  is  produced. 

See  Brill,  Z.  f.  anorg.  Chem.,  45,  275,  1905;  and 
Pott,  Dissertation,  Freiburg,  1905. 

60.  Dissociation  of  a  solid  into  more  than  one  gas. — 
The  vapor  of  solid  NH4HS  shows  by  its  density  an  almost 
complete  dissociation  into  NH3  and  H2S, 

HH4HS^NHs  +  H2S. 
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At  25°.!  the  gaseous  pressure  is  equal  to  501  mms. 
of  Hg,  i.e.,  since  the  partial  pressures  of  the  H2S  and 
NH3  are  the  same  they  are  each  equal  to  nearly  250.5 
mms.  of  Hg.  Equal  only  nearly,  however,  because  this 
pressure  includes  that  of  the  undissociated  NH4HS  gas. 
But  since  this  is  very  small  and  constant  at  any  one 
temperature  it  may  be  neglected.  If  n  is  the  partial 
pressure  of  the  NH4HS  gas,  and  p\  and  p2  are  those 
of  the  NH3  and  H2S,  then  by  the  law  of   mass  action 

Kpn=pip2' 

Since,  however,  n  is  constant  at  any  one  temperature, 
we  have 

K^'  ^Pip2. 

The  total  pressure,  P  =  50i  mms.,  is  equal,  by  Dalton's 
law,  to  the  sum  of  the  partial  pressures,  and  neglecting  'j 
we  have, 

P  =  pi-\-p2 


or 


and 


or 


P 

r=Pl=p2y 


pp      p2 

K,^-P.P2---=- 


Ap'= —  = =62750. 
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This  value  Kp'--^piP2  may  be  verified  experimentally 
ty  observing  the  effect  of  the  addition  to  the  dissoci- 
ating system  of  one  of  the  products  of  the  dissociation, 
since  the  product  of  the  partial  pressures  must  always 
remain  constant  for  constant  temperature.  Table  VII 
gives  the  results  of  experiments  carried  out  for  this 
purpose,  the  pressures  being  mms.  of  Hg, 


Table  VH. 

PjfHiS) 

PiPi-K 

294 

6iis» 

458 

63204 

146 

6oS8z 

143 

64779 

Ave 

rage  =  63504 

The  average  of  which  agrees  quite  well  with  the  value 
previously  found.  In  each  case  a  certain  amount  of 
one  of  the  products  is  added  before  the  solid  is  sublimed 
and  the  total  pressure  afterward  determined.  It  is 
^uile  simple  then  to  find  the  amount  of  solid  which  has 
•dissociated  and  thus  the  total  amount  of  each  gas  present. 
Hagnussen  (Jour.  Phys.  Chem.,  11,  21,  1907)  has  also 
s'udied  this  equilibrium  at  20°,  and  finds  the  dissocia- 
tion pressure  to  be  355.1  mm.  This  gives  constant 
"^tinj'ii^,  *  value  of  3152,  which  holds  constant  for 
''"ying  amounts  of  NH3  and  H2S,  He  experienced 
^"perimMital  difficulties  due  to  the  adsorption   of  NH3 


26o 
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on  the  solid    formed,  but  when    allowance   was  made 
for  this  satisfactory  agreements  were  obsen^ed. 

The  case  of  the  dissociation  ot  ammonium  carbamate 
is  quite  similar.  We  have  (Horstmann,  Lieb.  Ann.,  187, 
48,  1877) 


I.e., 


But 


hence 


K^^Pl^2^ 


p     P     p2  p 


2P  4P3 

(or  page  255,  pi  =  — ,  and  Kp= ,  but  the  former  is 

3  ^7 

the  conventional  form),  which  has  been  found  to  hold 
true  by  experiment. 

The    pressure    produced    by   ammoniun    carbamate 
when  heated  to  various  temperatures  is  given  beloW. 


Temperature. 

Gaseous  Pressure. 

TemjK'raturc. 

Oaseoxis  Pressure. 

-15° 

2.6  mm. 

24° 

84.8  ram. 

-   5 

.SO 

124 

0 

12.4 

40 

248 

2 

^5-7 

402 

4 

19.0 

50 

470 

10 

29.8 

55 

600 

18 

53-7 

60 

770 
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Isambert  has  proven  this  relation  to  hold  when  NH3 
ot  C02  are  initially  present,  i.e.,  that  Kp'  remains  constant 
even  after  addition  of  one  of  the  products  of  the  reaction. 
He  also  proved  that  the  presence  of  an  indifferent  gas 
does  not  affect  the  dissociation,  for  the  dissociation- 
pressure  of  a  substance  is  not  changed  by  the  presence 
of  an  indifferent  gas,  i.e.,  the  partial  pressures  remain 
Unaltered.  Contrary  to  the  case  of  a  homogeneous  equi- 
libriuin  (pp.  252  and  253),  an  increase  of  volume  has  no 
effect  upon  the  degree  of  dissociation  of  a  non-homogen- 
ous system,  so  long  as  Ihe  solid  (liquid)  phase  is  present, 
for  the  dissociation-pressure  is  dependent,  in  such  systems, 
""'y  upon  the  temperaiure  and  nature  of  the  substance. 

de  Forctand  (Aim.  de  Chim.  et  de  Phys.  [7],  28,  545) 
™ds  for  solids  dissociating  into  gases  a  rule  similar  to 

"rontons  (p.  69),  i.e.,  ■==const.=33,  where  Q  is  the 
neat  of  dissociation  of  i  mole  of  the  solid  into  its  gaseous 
products,  and  T  is  the  absolute  temperature  at  which  the 
"lissociaiion  pressure  is  i  atmosphere.  But  Nemst  has 
shown  that  although  this  constant  should  be  independent 
•if  the  substance,  it  is  dependent  upon  the  temperature, 

justasTrouton's  constant  is.     Thus  :y;  =  29,7  for  7"  =  100°; 

33.6  tor  r=3oo'';  35.3  for  7"=500°;  and  37.7  for 
■'=1000°,  but  no  general  formula  including  the  correc- 
^1  has  as  yet  been  derived. 
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6i.  Equilibrium  in  liquid  systems. — ^The  reaction 

CH3COOH  -h  CzHfiOH  i^^CHaCOOCaHfi  -h  H2O, 

as  already  observed,  reaches  the  state  of  equilibrium  when 
we  have  present  1/3  mole  acid  4- 1/3  mole  alcohol -1-2/3 
mole  ester -1-2/3  mole  water,  provided  we  start  with  i  mole 
of  each  of  the  two  constituents  (either  acid  and  alcohol 
or  ester  and  water). 

This  reaction  goes  very  slowly  at  ordinary  tempera- 
tures, but  when  it  reaches  the  above  final  state  it  remains 
in  it  indefinitely.  If  we  designate  by  v  the  volume  of  the 
system,  and  start  with  i  mole  of  acid,  m  moles  of  alcohol, 
and  n  moles  of  ester  (or  water),  then  in  the  state  of  equi- 
librium, after  x  moles  of  alcohol  have  been  decomposed, 
we  shall  have 


m  —  x 
alcohol  = moles  per  liter 


.,     i-x 
acid  = 

V 


a         a       ii 


X             /n  +  x\    ..       -,     ., 
ester=—    or      ' ^    ''      **     " 


V 


m 


water 


=^^    or     H     "      "     " 
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hence,  applying  the  law  of  mass  action,  wc  obtain 


{n  +  x)x 


K^In  the  special  case  of   equilibrium   above,   however, 
"'=1,  w=o,  jf  =  z/3;  hence 

T^liis  value  of  Ke  is  one  of  the  few  which  are  practically 
"■dependent  of  temperature.  At  to°  it  is  found  that 
°S-2%  undergoes  change,  while  at  220°  the  decomposi- 
tion is  but  66.g%. 

This  equation  has  been  tested  by  experiment  with  very 
^tisfactory  results.  It  has  been  found,  also,  as  would  be 
^^pecled,  that  by  using  a  large  amount  0/  acetic  acid  to  a 
^'nall  amount  of  alcohol,  or  vice  versa,  the  formation  of 
^^^^r  and  -water  is  almost  complete.  In  the  same  way  a 
^''ge  amount  of  water  upon  a  small  quantity  of  ester 
^^Uses  the  latter  to  be  almost  entirely  transformed. 

In  the  following  table  some  of  the  experimental  results 
^f  this  reaction  are  compared  with  the  values  calculated 
y  aid  of  the  above  formula,  and  will  serve  to  show  how 
Accurate  this  law  is  in  its  application  to  hquid  systems. 
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Moles  of  Alcohol 
to  X  Mole  of  Acid. 

Moles  of  Ester 
Obs. 

or  Water. 

Calc 

0.05 

0.05 

0.049 

0.08 

0.078 

0.078 

0.18 

0.171 

0.171 

0.28 

0.226 

0.232 

0-33 

0.293 

0.311 

0.50 

0.414 

0.423 

0.67 

0.519 

0.528 

1. 00 

0.665 

0.667 

1.50 

0.819 

0.78s 

2.00 

0.858 

0.845 

2.24 

0.876 

0.864 

8.00 

0.966 

0.94s 

Using  I  mole  of  acid,  i  mole  of  alcohol,  and  variouf 
amounts  of  water  (no  ester  being  added)  we  find  tlw 
following  results. 


Moles  of  H2O 
to  I  mole  of  acid 
+  I  mole  of  alcohol. 

Moles  of  Ester  Formed. 
Obs.                        Gale. 

0 

0.665 

0.667 

05 

0.614 

0.596 

I.O 

0-547 

0.542 

1-5 

0.486 

0-5 

2.0 

0.458 

0.465 

4.0 

0.341 

0.368 

6.5 

0.284 

0.288 

7.5 

0.198 

0.212 

Amylene  in  contact  with  acid  forms  an  ester,  accord- 
ing to  the  equation 

CHaCOOH  +  CgHioi^iCHaCOOCCsHn). 
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If  ^  is  the  amount  of  ester  formed  when  equilibrium  is 
established,  v  is  the  volume  of  the  system,  and  i  mole  of 
acid  is  used  for  a  moles  of  amylene,  then 


= amount  of  amylene  left; 


^-^=      ''       "  acid 

V 


X 

—  =      ' '       * '  ester  formed ; 


hence 


K.^         ^ 


■C 


{a  —  x){i—xy 


The  value  for  K^,  in  this  case  has  also  been  determined 
exj>erimentally.    It  was  found  that 


K  ' 


'C 


.001205' 


the  constant  in  the  form 


(a-x)(i-x) 

^""  XV 


having  th^  vo-lue  0.001205. 
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The  agreement  of  theory  and  experiment  in  this  case, 
the  acid  being  trichloracetic,  is  shown  by  the  following 
summary. 


a. 

V  (liters). 

X   obs. 

«calc. 

2.15 

361 

0.762 

0.762 

4.12 

595 

0.814 

0.821 

4.48 

638 

0.820 

0.826 

6.63 

894 

0.838 

0.844 

6.80 

915 

0.839 

0.845 

713 

954 

0.855 

0.846 

7.67 

1018 

0.855 

0.846 

9.12 

1190 

0.857 

0.853 

951 

1237 

0.863 

0.853 

1415 

1787 

0.873 

0.861 

As  wiU.  be  observed,  the  volimie  here,  since  there  a^^ 
not  the  same  number  of  formula  weights  on  both  sid^^» 
must  be  retained  in  the  formula. 

Non-electrolytic  dissociation  in  solution. — ^When  a  soli^ 
goes  into  solution  its  action  is  apparently  analogous  to 
its  transformation  into  the  gaseous  state.  A  saturat^^i 
solution,  thus,  in  contact  with  the  soUd  at  any  tetxi' 
perature  will  still  be  saturated.  We  have,  then,  l>y 
the  law  of  mass  action,  for  any  one  temperature, 

Kc7:=c 
or 

K/=c 

where  c  is  the  concentration  of  solid  in  solution  an^ 
varies  with  the  temperature.     If  the  solid  in  going  into 
solution  dissociates  into  other  substances,  then  an  addi- 
tion of  one  of  these  will  cause  less  substance  to  dissolve. 
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This  has  been  proven  by  Behrend  for  a  solution  of  phenan- 
threne  picrate  in  absolute  alcohol,  in  which  a  decom- 
ilpositioii  into  phenanthrene  and  picric  acid  takes  place 
'  to  a  lai^  extent. 

By  the  law  of  mass  action 

KfC  =CiC2, 

where  c=undissociated  phenanthrene  picrate,  Ci=free 
picric  acid,  and  C2  =  free  phenanthrene — all  expressed 
in  moles  per  liter.  For  any  one  temperature  c  must 
W  constant,  since  the  solution  is  saturated ;  hence 

CiC2  =  constant. 

Coe^ienl  oj  partition  or  distribution.  We  have  al- 
'^y  considered  the  distribution  of  a  substance  between 
two  non-miscible  solvents  in  the  case  that  the  formula 
weight  is  the  same  in  each  (pp.  201-202) ;  now  we  must 
^  the  effect  of  a  differenre  in  the  formula  weight, 
I*t  the  heterogeneous  reaction  be 

'■*■!  let  the  molecular  weight  in  the  one  laj'er  be  An, 
^"^  in  the  other,  non-miscible.  one  A.  By  the  law  of 
■"^  action,  we  have,  then. 


^ 


c^" 
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or,  Since  £^==17-,  and  c^„  = 


Mj, "»    M. 


\Ma/    '     Ma 


and 


Ma  Wa 


When  the  formida  weight  in  the  one  solvent  is  always 
n  times  that  in  the  other  {at  the  dilutions  considered), 

the  ratio  of  distribution  in  the  form will  remain  con- 

slant  J  independent  of  the  original  dilution, 

Wa 
If  the  simple  ratio  is  constant  at  all  dilutions, 

Wa^ 

then,  the  molecular  weights  in  the  two  solvents  must  be 
identical,  i.e.,  n  must  equal    i   in  the    above  chemica* 
reaction.     In    connection    with    possible    errors   in  this 
method  see  Bancroft,  J.  phys.  Chem.,  12,  30-35,  1908. 
If  the  formula  weight  in  one  is  twice  that  in  the  other, 

then  it  is  obvious  that  ^'^2  =  ^1 2,  i.e.,  that  —  and  -7=^ 

are  constant,  for  all  dilutions.     An  illustration  of  this  is 
given  by  the  distribution  of  benzoic  acid  between  water 

(ci)  and  benzene  (r2),  the  values  of  —  being  0.062,  0.048; 

C2 

and  0.030,  while  those  of  —7=-,  for  the  same  dilutions,  are 

wc 
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0.0305'  0.0304,  and  0.0293.  Benzoic  acid,  then,  has 
twice  the  molecular  weight  in  benzene  that  it  has  in  water, 
a  fact  which  has  been  proven  by  the  freezing-point 
method . 

(For  illustrations  of  the  above  law  see  Ncmst,  Zeit.  f. 
phys.  Chem.,  8,  no,  1891;  Aulich,  ibid.,  8,  105,  1891; 
Hautzsh  and  Sebalt,  ibid,  30,  268,  1896;  Hantzsh  and 
Vagt,  ibid.,  38,  705,  1901;  Herz  and  Fischer,  Bcr.  38, 
1138,  1905;  Hcrz  and  Lewy,  Zcit.  f.  Elektrochem.,  11, 
B18,  1905;  Dawson,  Trans.  Chem.  Soc.,  89/90,  i566- 
i6)4i  1906;  Morgan  and  Benson,  Jour,  Am.  Chem.  Soc., 
29,1176-1179,1907;   and  others.) 

^s  law  is  very  useful  for  the  determination  of  a  con- 
stituent in  a  solution  which  cannot  be  found  readily  in 
^y  other  way.  Thus  aniline  hydrochloride  in  water 
fcacts  to  ^form  hydrochloric  acid  and  free  aniline,  and 
™  concentration  of  aniline  can  be  found  by  distribution 
"Wween  water  and  benzene  (see  hydrolytic  dissociation). 
™.  The  effect  of  temperature  upon  an  equilibrium. 
"i*  variation  of  the  constant  of  equilibrium  or  dissocia- 
"Wi  with  the  temperature. — In  the  case  of  an  invariant 
''luuibrium  under  constant  pressure  a  change  in  the 
^"iperature  causes  one  of  the  phases  to  disappear 
^tirely.  In  the  case'  of  a  univariant  equilibrium,  how- 
^.  the  efiect  is  quite  different.  A  very  small  change 
""  ^iDperature  causes  only  a  very  slight  change  in  the 
"juilibrium.     This    causes    a   corresponding   change    in 
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the  relative  composition  of  the  reacting  constituents,  in 
one  direction  or  the  other,  which  just  compensates  the 
change  which  the  reaction  coefficient  has  sufiEered. 

By  differentiating  equation  (i8)  (p.  241)  by  the  aid  of 
(19*)  we  obtain 

dW=RdT  log,  2rp+/?rrf(loge  Kp). 

But  by  the  second  principle  (p.  58) 

dT 
dW^Qjr, 

where  dW  is  the  former  dQ,  i.e.,  the  work  in  terms  of  heat. 
Combining  these  two  equations,  we  get 

Q=RT  log,  Kp  + -^^ 

Since  W  expresses  the  work  which  is  done  by  the  trans- 
fer of  the  total  heat  Q,  the  difference,  Q  —  W,  is  equal 
to  the  portion  of  the  heat  absorbed  which  is  not  trans- 
formed into  work.  Since  in  thermo  chemical  calculations 
ve  reckon  heat  absorbed  as  negative,  this  value,  Q-W,^^ 
the  negative  heat  of  the  reaction,  under  constant  pressure 
conditions.     We  have  thus  by  (18) 

RT^dilogeK^) 
-Q  =  W  + ^^ , 

-  (Q  -  WO  =  -  ?p  =  RT^^f  {loge  JTp), 
or  (21)  ^  (loge  Kp)  =  -  ^^^, 
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ince  Kc^{RT)^''-^'''Kp  (p.  242),  i.e.,  to  Kp  multi- 
d  by  i?r  raised  to  a  power  equal  to  the  difference 
veen  the  total  initial  and  total  final  moles,  as  shown 
he  chemical  equation,  we  have,  substituting  Kc  for  Kp 

J_  {'Zn-'2.n')dT ^ 

■i^  qp_     Sw-2w^      (Zn-'Ln')RT-qp 

yiiogcAc         RT^  T  RT^ 

e  the   term   (lln  —  Iln')RTy  by  definition,  is  simply 

expression  of  the  external  work  done  upon  or  by  the 

em,  hence,  since  it  is  equal  to  —nRT  (page  224), 

have 

—  nRT-'qp=  —qv', 

we  may  write 

)  -jj.  lOgc  Ac  =  -  ^7^' 

^0  integrate  these  expressions  it  is  necessary  to  assume 
:  q  itself  is  independent  of  the  temperature.  This 
undoubtijdly  be  practically  true  for  small  temperature 
rvals;  for  larger  ones,  however,  we  must  be  satisfied 
►btain  q  as  the  value  for  the  temperature  which  is  the 
in  of  the  two  extreme  temperatures. 


272  ELEMENTS  OF  PHYSICAL  CHEMISTRY, 

By  integration  of  (21)  and  (22)  on  the  above  assump- 
tion, we  find 

log*  Kp  -  log«  Kp  =  ^f  j9  -  Yy 


and 


'XT: 


loga  Kc'  -  loge  Kc  =  ]^f  2^  -  2^  ]• 


Or,  using  ordinary  logarithms,  and  solving  for  g,  ^^ 
obtain 

i?  X  2.3o6(iog  K^  -  log  JTp)  rr^ 

1^3^  ?p""  T—T'  cais.,*^ 


"^^                RX2.3o6(logKc^^logKc)Tr     _     . 
(24)  qv  = T—T^ ^       * 

where  i?  =  2  cals. 

TA^  Aeo/  evolved  by  a  reaction  at ,  under  const^"^ 

2 

pressure  {external  work)  conditions,  ix,,  qp,  can  be  C^' 

culated  from  the  equilibrium  constants  for  pressures  {J^^ 

and  Kp)  at  the  two  temperatures  T'  and  T;    or,  knowi"^^ 

qp  and  Kp  at  one  temperature  we  can  calculate  Kp'  at  th^ 

other. 

T-\-T 

The  heat  of  reaction  at  and  constant  volume  (f^ 

2 

external  work)  conditions,  i.e.,  qv,  can  be  calculated  in  ^ 

*  For   another   form   of  this   equation   see   Nernst's    "  Experimental 
Applications  of  Thernjodynamics  in  Chemistry."     Scribner,  1907. 
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mUar  manner  from  the  equilibrium  constants  for  con- 
ntrationSf  Kc  and  Kc  at  V  and  T, 
The  value  of  q  in  these  relations  is  for  the  reaction  of 
lich  the  K  values  are  expressive.     Thus  in  the  reaction 

heat  q  would  be  for  2  moles  of  i4  \i  K=  ~T2~  ^^^^ 
d,  and  for  i  mole  of  A  if  the  K  values  used  were 

^   VbVc 

tten  K  =  — -z 

A 

ine  consequence  of  these  formulae  is  of  special  impor- 
-e.    If  q  is  zero,  the  value  of  K  does  not  change  as 

result  of  a  change  in  temperature.  Thus  the  re- 
on    between    acid    and    alcohol,    mentioned    above 

263),  the  mutual  transformation  of  optical  isomers, 
'  a  number  of  others,  are  foimd  neither  to  absorb  nor 
erate  heat,  nor  to  suffer  a  displacement  of  equilibrium, 
*  a  change  in  the  value  of  K,  by  a  change  in  tempera- 

::^ 
^« 

Ve  shall  now  consider  the  method  of  applying  these 
taulae  for  various  purposes  to  various  equilibria. 
Vaporization. — The  condition  regulating  the  equi- 
rium  between  a  liquid  and  its  vapor  (a  univar  ant 
stem)  is  the  pressure  of  the  latter,  and  this  depends 
pon  the  temperature.    We  have  then 

^p  ~  Pf  2,nd   Kpf = f/. 
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Regnault  found  for  water, 

^^^273,    ^=4.54  mms.  of  Hg. 

r'  =  273  + 1 1.54,    />'  =  10.02  mms.  of  Hg. 

We  have  then 

2X2.3o6(log  10.02— log  4.54)273X284.5 
^^^  273-284.5 

=  — 10670  cals. 

where  direct  experiment  at  constant  pressure  gives 
— 10854  cals. 

Dissociation  of  solids. — If  a  solid  dissociates  into  gasfes, 
the  equilibrium  is  conditioned  by  the  concentration  of  the 
latter.    If  in  the  dissociation 

NH4HS:^H2S+NHs 

Ci  and  C2  are  the  concentrations  of  HjS  and  NHsj  that 
of  the  NH4HS  being  small  and  remaining  constant,  then 
(p.  260J 


2 


^Kr>'=lj]      and 


.'/^v=(9 


and  tlK^p  and  n^K^jy  can  be  used  for  Kp^  and  iiTV  in  the 
ratio  if  t:  does  not  vary  gready  with  the  temperature. 
Frcm 

7=273+9.5,    P  =i75mms.  ofHg; 
r'  =  273 +  25.1,    P'  =  5oi  mms.  of  Hg; 
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e  have  then 

2  X 2.3o6(log(^j  ~log(ip)  J282.S X298.1 

'""  282.5  —  298.1  """ 

=  —22740  cals., 

hHe  direct  experiment,  under  constant  pressure  leads 
•   -22800  cals.  per  mole. 

SoltUion  of  solids. — In  this  case  the  equilibrium  depends 
ily  upon  the  concentration  of  solid  substance  in  the 
>lution,  and  the  temperature;  we  have,  then, 

Kc = Cj    Kc* = c  J 

here  c  and  c'  are  the  concentrations  of  a  saturated  solu- 
^n  at  the  temperatures  T  and  T\ 

van't  Hoff  found  by  experiment  with  succinic  acid 
water  that 

for  T" = 273,  c  =  2.88  moles  per  liter; 

id        for  T'  =  273 + 8.5,    c'  =4.22  moles  per  liter. 
For  I  mole,  then,  by  (44), 

q=  —6900  cals., 

lile  Berthelot  foimd  —6700  cals.  by  direct  experiment, 
iis  of  course  is  also  the  value  for  constant  volume, 
r  the  external  work  by  the  change  in  volume  is  utterly 
gligible. 
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Ionization  of  solids  in  solution. — ^If  a  substance  is  veiy 
slightly  soluble,  then  the  solution  must  contain  prin- 
cipally ions  and  very  little  undissodated  substance,  and  ! 
the  heat  of  dissociation  must  be  the  same  as  the  heat 
of  solution,  i.e.,  equal  to  the  n^ative  value  of  the  heat 
of  precipitation  from  the  free  ions.  Thus  for  AgCl  we 
have 

Agci-Agr+cr.  j 

If  the  solubility  at  r=c,  and  at  T^^dy  in  moles  per   ; 
liter,  then,  since  2  moles  of  the  ions  form  from  i  mole  of 
the  salt,  we  have 


and 


For  T  =273  +  20,    c  =i.ioXio~^ 

r  =  273+3o,    c' =  1.73X10-5; 

hence  ji,  =  —  1 5900  =  —  1 59X. 

For  the  negative  heat  of  precipitation  we  found  (p.  233) 
— 1582^,  which  is  an  excellent  agreement. 

Dissociation  of  gaseous  bodies. — Under  constant  atmos- 
pheric pressure  the  gas  N2O4  dissociates  into  NO2,  accord- 
ing to  the  scheme 

N204i=±2N02. 
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The  following  results  are  observed: 

r= 273 +  26.1,      a =0.1986, 
r'  =  273  +  iii.3,    a =0.9267. 

Since    here  the  total  pressure  is   i   atmosphere,   the 
f martial  pressures  are 


and 


PiitOi  = ; — Xi  atmos. 


2a 

Pnoz  == ; X I  atmos. 

'^   ^*     I— a  +  2a 


For  Kp  and  Kp'  we  then  have  the  values 

\l+a/  /    i+a     I— a2 

and 

__/  2a'  \2  yi— a'^   4a'2 


hence 


2 


J.     4X0.92672    ,     4Xo.i9862\ 
X  ^-3o6^1og^^  -log^_^^     3^,J299.i  X384. 


^^  '  299.1-384.3 

g-a  — 12260  cals.  per  mole  of  N2O4. 
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No  direct  determination  of  this  heat  of  dissociation  ha^ 
been  made. 

For  other  examples  of  such  calculations  see  Boden- 
stein  and  Pohl  (Zeit.  f.  Elektrochem.,  11,  373,  1905, 
and  Lewis  Qour.  Am.  Chem.  Soc.,  28,  1380,  1906). 

B.  Chemical  Kinetics 

63.  Application  of  the  law  of  mass  action. — ^Thus  far 
we  have  only  considered  the  equilibrium  which  is  attained 
ajter  the  reaction  has  come  to  rest,  i.e.,  after  the  two  sides 
bear  a  constant  relation  to  one  another.  The  question 
now  arises  as  to  the  progress  of  a  reaction  toward  this 
state,  and  the  factors  upon  which  the  time  necessary  to  ' 
attain  it  depends. 

By  aid  of  the  law  of  mass  action,  it  is  possible  to 
find  an  answer  to  both  portions  of  this  question.  Since 
chemical  action  at  any  time,  according  to  it  (p.  238),  is 
proportional,  for  constant  temperature,  to  the  active 
masses  of  the  substances  present,  i.e.,  to  those  portions 
which  are  free  to  act,  then,  when  we  have  two  substances 
reacting,  the  concentrations  being  ai  and  a2  moles  per 
liter, 

dx     ,  V  . 

where  .v  is  the  fraction  of  a  mole  of  each  which  decom- 
poses in  the  time  /.     The  term  k  in  this  equation  is  known 
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as  the  speed  constant  of  the  reaction,  and  is  constant  at 
any  one  temperature  for  any  value  of  rv  in  the  reaction 
in  question. 
Suppose  we  have  the  reversible  reaction 

which  after  a  time  attains  a  state  of  equilibrium  in  which 
all  four  products  are  present.  The  relative  amounts  of 
these  are  dependent  upon  the  value  of  Kc  for  this  reaction 
at  this  temperature  according  to  the  relation 


CIC2 


If  we  start  with  ai  moles  of  i4i  and  a2  moles  of  A  29  then 


■^=-k{ai-x)(a2-x), 


f     But  if  we  start  with  ai'  moles  of  ^i'  and  a2'  of  A2\  then 


do(f 
where  -7~  is  the  velocity  in  the  opposite  direction. 

Oft 
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Starting  with  the  substances  on  either  side,  then,  those 
on  the  other  will  exert  an  ever-increasing  influence  upon 
the  velocity  due  to  the  initial  substances,  and  this  velocity 
must  decrease  continually.  Finally,  however,  equilib- 
rium will  be  attained  and  the  ratio  of  the  amounts  on  the 
two  sides  will  remain  constant,  i.e.,  the  reaction  as  a 
whole  ceases,  and  any  motion  which  exists  is  so  compen- 
sated by  a  contrary  one  that  it  does  not  appear. 

Imagine  we  start  with  ai  moles  of  ^li  and  02  moles  of 
A2'  The  total  velocity  due  to  these  at  any  one  time 
will  be 

dX    dx    do(f 

dX 
and  at  equilibrium,  i.e.,  where  j7  =0, 

k{ai  —  x)  (a2  —  x)=  k^x^y 
or 

k 


k'  {ai—x){a2—xy 

i.e.,  the  equilibrium  constant,  Kc,  of  any  reversible  reaction 
is  equal  to  the  ratio  of  the  speed  constants  of  that  reaction 
for  the  two  directions. 

This  has  been  proven  to  be  true  for  a  number  of  cases. 
For  the  system  acid-alcohol  (p.  262)  it  was  found  for  a 
certain  strength  acid  that  ^  =  0.000238  and  ife' =0.0008151 


I 
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from  which -STc^  77  =  2.92,  while  direct  experiment   gave 

2^6  =  2.84. 

All  this  is  only  true,  however,  when  the  reaction  takes 
place  isothermaUy,  i.e.,  when  the  heat  liberated  or  absorbed 
is  removed  or  supplied  and  no  change  in  the  temperature 
results,  for  the  constants  k  and  V  are  dependent  upon  the 
temperature. 

In  general  the  application  of  this  formula  is  very  much 
simplified  by  the  fact  that  most  reactions  are  almost 
complete  in  one  direction,  so  that  the  second  temi  will 
be  so  small  that  it  may  be  neglected.    We  have  then 

-^=k{ax-x){a2-x). 

In  all  these  cases  the  values  on  the  right  are  obtained 
by  subtracting  the  loss  from  the  concentration  of  the 
original  substance  and  having  as  many  such  terms  as 
there  are  moles  in  the  formula.  Thus  for  the  reaction 
^  =25+Z>  we  would  write 

•  '^^K^b-oo){cb-oo)(cb-oo). 

This  is  simply  custom  (see  p.  255),  for  we  could  also 
write  it 

-^  ^1^{cb-2X)\cd-x), 
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and  although  the  k  value  would  be  different,  it  would 
be  constant. 

64.  Reactions  of  the  first  order. — For  convenience  we 
shall  divide  all  reactions  into  orders.  Thus  a  reaction 
of  the  first  order  is  one  in  which  but  one  substance  suffers 
a  change  in  concentration.  This  definition  is  to  be  fur- 
ther restricted,  in  that  for  the  first  order  it  is  necessary 
that  the  equation  show  but  i  mole  of  one  substance 
changing  its  concentration. 

Cane-sugar  in  water  solution  is  transformed  in  the 
presence  of  acids  almost  completely  into  dextrose  and 
laevulose;  it  is  inverted.  The  speed  of  the  reaction  is 
very  small  and  increases  with  the  amount  of  acid  added. 

The  progress  of  the  reaction  may  be  observed  by  aid 
of   the    polariscope.     The    uninverted    portion    revolves 
the  plane  of  polarization  to   the  right,  while  the  two 
products   revolve   it  to  the  left.     If  a^  is  the  positW^ 
angle  of  revolution  at  the  time  t=o,  i.e.,   that  wbi^^ 
is  due  to  the  uninverted  sugar  alone,  the  amount    ^* 
which  is  a  moles,  Qq    is  the    negative   angle  after  co^' 
plete  inversion,  and  a  is  the  angle  at  the  time  /,  tb^^ 
since  the   revolution   is  proportional  to  the   concentf^ 
tions,  X,  the  amount  inverted,  is  found  from 

ao-a 

x=a  — - — J, 

«o  +  ao 
For   the    time   t^o^,  a=ao,    i.e.,    :c=o;     for   the  tt^ 
/  =  oo,  i.e.,  after  complete  inversion,  a  =  —a(\  or  ^=^- 
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This  process  was  first  measured  by  Wilhelmy  (1850), 
nd  it  has  played  an  important  r61e  in  the  history  of 
hemical  mechanics. 

The  process  follows  the  scheme 

C12H22O11  +H2O  =2CeHi206 

whether  acid  is  used  or  not,  for  the  concentration  of 
the  latter  does  not  change  during  the  reaction.  Accord- 
ing to  the  law  of  mass  action  the  speed  is  proportional 
to  the  amoimts  of  sugar  and  water.  The  latter,  how- 
ever, is  present  in  such  an  excess  that  its  action  may 
be  regarded  as  constant.  The  speed  of  reaction,  then, 
is  proportional  to  the  amount  of  sugar  present  and  w© 
have  a  reaction  of  the  first  order,  i.e.,  the  formula  is 

w^here,  for  /=o,  x^o,  and  k  is  the  inversion  constant^ 
''^hich  depends  only  upon  the  temperature.  By  integra- 
tion this  becomes 

— log^  (a— iv)=^/+ constant, 
"r  since,  for  /-o,  iv-o, 

log,  (a)  =the  constant. 


LCl 


,     I,  a       I        «o-fV 
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in  Other  words,  a  constant  fraction  of  the  tota.  amoitrif 
of  sugar  is  inverted  in  each  unit  of  time. 

The  meaning  of  the  constant  k  in  words  is  as  folloiirs: 
Its  reciprocal  value  multiplied  by  the  natural  logarithm 
of  2  gives  the  time  in  minutes  which  is  necessary  jar  the 
transformation  of  one  half  the  total  amount  of  substance^ 
provided  the  products  of  the  reaction  are  removed  as  soon 
as  they  are  formed  and  the  substances  replaced  as  they  are    ; 


a 


used.    This  is  shown  by  the  substitution  of  — for  x.    Fur- 

ther,  for  all  reactions  of  the  first  order,  this  constant  k 
is  independent  of  the  original  concentration  of  the  sttb- 
stance.  Table  VIII  gives  the  values  for  k  for  a  20% 
sugar  solution  in  presence  of  3.0.5  N.  solution  of  lactic 
acid  at  25°  C 


Table  VTII. 

INVERSION   OF  SUGAR. 

(minutes). 

a. 

I  .           a 

0 

34°.  S 

1435 

31°.  I 

0.2348 

431S 

25°. 0 

0-2359 

7070 

20°. 16 

0.2343 

1 1360 

13°. 98 

0.2310 

141 70 

10°.  01 

0.2301 

16935 

7^-57 

0.2316 

19815 

5°.  08 

0.2291 

29925 

-   i°.65 

0.2330 

00 

—  10®.  77 

•••*•« 
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Since  only  the  constancy  of  the  terra  —  log, is  to  be 

shown,  the  more  convenient  system  of  logarithms,  i.e., 
that  of  Briggs,  has  been  employed  above. 
65.  Catalytic  action  of  hydrogen  ion.       Catalysis.— 

The  inversion  of  sugar,  as  well  as  all  other  reactions  of 
the  first  order  which  are  hastened  by  the  action  of  acids, 
IS  apparently  due  to  the  ionized  hydrogen  which  is  pres- 
fi"'  This  action  is  known  as  a  catalytic  action  of  the 
icid  present,  which  retains  throughout  the  reaction  its 
original  concentration.  The  reason  why  H"  ion  should 
'ct  in  this  way  is  unknown;  but  that  it  does  have  an 
"Operating  effect  is  an  established  fact. 

In  general  a  catalytic  action  is  one  that  hastens  the 
Kaction  in  which  it  is  without  at  the  same  time  having 
Its  concentration  changed  by  the  reaction.  An  example 
of  such  an  action  is  given  by  the  increased  speed  of  solu- 
tion of  metallic  mercury,  silver,  or  copper  in  a  nitric-acid 
solution  in  which  one  of  these  has  already  been  dissolved 
'"  a  slight  extent.  The  catalytic  action  here  is  due  to 
the  formation  of  the  oxides  of  nitrogen,  these,  when 
Passed  into  the  nitric  acid  from  an  exterior  source,  cans- 
"^g  the  same  action  as  the  above. 

Since  the  catalysor  takes  no  part  in  the  reaction  it  does 
"°t  alter  the  equilibrium  constant,  hence  it  must  also  has- 

™  the  reverse  action,  so  that  -g  may 
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As  there  is  no  general  law  known  for  catai3rtic  action  tS^ 
reader  must  be  referred  elsewhere  for  the  vast  number 
isolated  facts. 

The  more  concentrated  the  acid  used  the  more  rapi( 
the  sugar  is  inverted,  without,  however,  any  exact  propoi 
tionality.    The  inverting  action  increases  more  rapidly- — ^ 
than  the  concentration.    In  presence  of  a  neutral  salt 
the  acid  its  inverting  power  is  increased  by  about  iQPjfZ 
for  the  stronger  acids,  but  decreased  for  the  weaker 


Since  the  acceleration  of  the  speed  of  the  reaction 
caused  only  by  acids,  and  since  they  are  distinguished  b; 

the  presence  of  H'  ^v»n,  the  peculiar  action  must  be  du e 

to  it.     Further  than  this,  .a  scries  of  acids  arranged  i 
the  order  of  inverting  power  is  foimd  to  be  in  the  sain_ 
order  in  which  they  stand  in  reference  to  ionizatio; 
Thus  it  is  plain  that  H*  ion  has  this  effect,  although  i 
concentrated  solutions  the  inverting  power  is  not  strictL 
proportional  to  the  ionization.     For  example,  a  0.5 
Si^lution  of  HCl  inverts  6.07  times  as  rapidly  as  one 
a  0.1  N.  solution,  while  it  contains  only  4.64  times 
much  ionic  H*.     Arrhenius  found  the  presence  of  othi 
ions  to  increase  the  catalytic  action  of  that  of  H*. 

That  the  speed  of  reaction  increases  more  rapidly  than 
the  iX^ncentration  of  H*  ion  is  assumed  to  be  due  to  the 
ftk^t  that  the  negative  ions  are  also  present  to  an  equ^ 
^^Mynrnt  and  so  increase  the  inverting  action  of  H*  ion. 

fti  the  presence  of  a  neutral  salt,  then,  we  have  two 
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separate  actions  upon  the  acid:  the  first  causes  a  de- 
crease in  the  concentration  of  H*  ion  of  the  acid  (see 
P-  186);  the  second  accelerates  the  action  of  the  H*  ion 
left. 

The  stronger  acids  are  less  influenced  by  the   former 

than  the  weaker  ones,  because  they  are  dissociated  more 

^^arly  to  the  extent  to  which  their  salts  are.     Consequently 

th.e  second  action  predominates,  and  we  have  the  greatest 

*^ Verting  power  for  the  strong  acids  when  a  salt  is  present. 

Tor  the  weaker  acids,  however,  the  second  action  is  the 
six^aller;  hence  the  inverting  action  is  less  for  weak  acids 
*^   presence  of  a  salt. 

Palmaer  has  found  that  in  dilute  solutions,  when  the 
i^>>fluence  of  the  neutral-salt  action  is  avoided,  the  inver- 
sion constant  is  exactly  proportional  to  the  concentration 
^f  hydrogen  ions. 

Another  reaction  of  the  first  order  which  depends  for 
^t  s  speed  upon  the  catalytic  action  of  H'  ion  is  the  forma- 
ts on  of  alcohol  and  acid  from  an  ester.     For  example, 

CH3COOC2H5+H2O  ^CHaCOOH  +  CzHgOH. 

The  equation  is  the  same  as  before,  i.e.,  follows  the 

I  a 


/     ^'a-x' 


where  a  is  the  amount  of  ester  in  moles  at  the  time 
'""o,  and  X  is  the  amount  transformed  at  the  time  I, 
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and   is   equal  also  to  the  amount   of  acid   or  alcohoJ 
formed  by  the  reaction  during  the  time  /.    The  progress 
of  this  reaction  is  observed  by  titrating  the  amoimt   ot 
free  acetic  acid  present. 

Ostwald  measured  the  value  for  the  reaction  with 
methylacetate.  He  started  with  i  c.c.  of  methylacetate 
and  lo  c.c.  HCl  (i  mole  to  the  liter),  diluted  to  15  c.c. 
To  neutralize  this  acid  13.33  c.c.  of  a  Ba(OH)2  solution 
would  be  necessary.  The  amounts  of  acetic  acid  formed 
are  shown  by  titration  after  substracting  13.33;  these 
amounts,  expressed  in  c.c.  of  Ba(0H)2  solution,  for 
various  times  are  as  follows : 

o  14  34  199  539  «  Minutes 

—    0.92     2.14    8.82     13.09     14.11      C.C. 

The  amoimt  of  ester  (a)  is  represented,  then,  by  14.  u 
a—x  being  this  value  minus  0.92,  2.14,  etc.  The  values 
thus  determined  for  k  are  0.00209,  0.00210,  0.00214,  ^°^ 
0.00212. 

Another  reaction  which  gives  a  constant  when  con- 
sidered as  a  reaction  of  the  first  order  is  the  one  which  is 
usually  written 

4AsH3=As4  4-6H2. 

Since  at  31^°  this  fulfils  the  definition  of  a  reaction  of  the 
first  order,  it  should  be  written  not  as  above,  as  of  the 
fourth  order,  but  as  of  the  first,  i.e. 

AsH3=As  +  ii(H2). 
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Here  also  the  velocity  is  exactly  proportional  when  the 
action  of  the  neutral  salt  is  avoided.  If  the  amount  of 
neutral  salt  in  the  solution  is  so  large  that  it  can  be  con- 
sidered constant,  then  a  constant  value  will  be  obtained 
for  k,  although  its  absolute  value  will  be  different  from 
that  for  the  case  that  no  neutral  salt  is  present.  Walker 
used  this  method  to  determine  the  concentration  of  H* 
'on  present  in  a  solution  due  to  hydrolytic  dissociation, 
which  we  shall  discuss  in  detail  below;  and  Bredig  and 
Fraenkel  {Z.  f,  Elektrochem,,  11,  525-529,  1905)  advo- 
tste  for  this  purpose  diazoacetic  ester  as  a  very  accurate 
m^atis  of  estimating  concentrations  of  H'  ion  of  n/tooo 
todless. 

66.  Reactions  of  the  Mcond  order.. — Here  two  tnok* 
of  substance  suffer  a  diai^  in  oMicenlralioa  dorii^  the 
ic^tioD,  i^,  the  coostant  dqiends  upoo  tbe  conceil* 
•ratioii  of  two  substances.    We  hare  then 


iQO 
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If  we  use  equivalent  amounts  of  the  two  substances,  then 
a  =  6,  and  we  have 


dx 
dt 


=  A(a-jc)2, 


or 


k  = 


X 


t  (a—x)a 


Here  k  is  inversely  proportional  to  the  original  concerUra- 
lion. 
An  example  of  a  reaction  of  the  second  order  is 

CH3COOC2H5 + NaOH  =  CHaCOONa  +  C2H5OE 

Table  IX  gives  the  value  of  this  constant  as  calculated 
for  different  lengths  of  time  at  the  temperature  of  10°  C. 


Table  IX. 

t  (minutes). 

Amount  NaOH 
in  c.c.  of  acid. 

k. 

0 

61.95 

•   •   •  • 

489 

50 -59 

2.36 

1037 

42.40 

2.38 

2818 

29 -35 

2.33 

00 

14.92 

•   •   •  ■ 

The  question  as  to  how  the  speed  varies  with  the  nature 
of  the  base  used  has  been  investigated  quite  thoroughly- 
Thus  Reicher  (Lieb.  Ann.,  128,  257,  1885)  and  Ostwald 
(J.  pr.  Chem.,  35,  112,  1887)  found  for  strong  bases 
(those  which  are  much  dissociated)  approximately  equal 
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values  for  k;  for  weak  ones,  however,  he  found  very 
much  smaller  values.  Ostwald  observed  that  the  weak 
bases  ammonia  and  aJlylamine  fail  to  give  a  constant 
value  for  k.  Thus  for  ethyl  acetate  and  ammonia  he 
found  the  values  given  in  Table  X, 


1470  0.484 

This  failure  to  give  a  constant  he  recognized,  however, 
as  being  due  to  the  effect  of  the  neutral  salt  fonned  {am- 
monium acetate)  upon  the  weak  base.  When  a  lai^ 
amoimt  of  this  is  present  a  constant  is  obtained,  as  is 
shown  by  Table  XI. 

TABLE   XI. 


6874 
15404 


This   shows   still  a  slight   effect   of  the   neutral  salt 
formed,  for  it  is  impossible  to  keep  it  perfectly  constant. 

Arrhenius   foimd   that   the  base   acts   simply  in   pro- 
portion to  the  amount  of  ionized  OH'  it  contains,  i.  e,, 
we  have 
CaHaOjCaHfi  +  OH'  +  Na"  =  CHaO^'  +  Na"  -f  CaHsOH. 
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According  to  this,  all  bases  containing  the  same  amount 
of  OH'  ion  should  give  the  same  constant.  We  can 
rearrange  our  equation,  then,  to  the  form 

where  a  is  the  degree  of  dissociation  of  the  base.    Siixce 
the  strong  bases  are  but  slightly  influenced  by  the  addi- 
tion of  salts  with  an  ion  in  common,  the  constant     of 
KOH  can  be  taken,  with  very  little  error,  to  be  thrat 
due  to  a  certain  concentration  of  OH'  ion.     From  ttiis 
it  is  then  possible  to  calculate  the  constant  for  NH4OH, 
with  or  without  an  ammonium  salt  present.    A  m/4.0  solu- 
tion of  KOH  at  24^.7  C.  gives  a  constant  equal  to  6.-4.1- 
Such  a  solution  of  NH4OH  is  but  2.69%  dissociated, 
while  that  of  KOH  is  97.2%  dissociated.    The  constant, 
then,  for  NH4OH  in  the  absence  of  salt  is 

*NH«OH  -  *KOH : '  0.0269 : 0.972, 

-  0.0269^ 

or  *NH40H-=-^;^6.4i  =0.177. 

The  effect  of  the  neutral  sah  upon  the  NH4OH  can 
be  readily  calculated  from  the  dissociation  of  the  tw^^ 
we  have,  then,  the  constant  for  NH4OH  in  presence  ^' 
a  neutral  salt, 

K  NH40H  =  r7— 0.41, 
0.972 
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here  a  is  the  concentration  of  OH'  ion  in  the 
TI40H  in  presence  of  the  amoimt  of  the  neutral  salts, 
le  concentration  of  which  is  designated  below  by  s» 
*able  XII  compares  the  values  thus  obtained  with  those 
dually  observed  by  experiment. 


Table  XIT. 

SPF.F.D 

OP  REACTION 

CAUSED   BY  NH4OH. 

s 

a 

A  (calculated) 

*  (observe 

0 

2.69% 

0.177 

0.156 

0.00125 

1. 21 

0.08 

0.062 

0.005 

0.71 

0.047 

0.039 

0.0175 

0.118 

0.0078 

0.0081 

0.025 

0.082 

0.0054 

0.0062 

0.05 

0.042 

0.0028 

0.0033 

This  is  a  very  good  agreement,  considering  the  pos- 
sible experimental  errors,  so  that  we  may  conclude  that 
^^  velocity  of  saponification  is  proportional  to  the  con- 
^tiiratian  of  OH'  ion  present,  and  independent  of  the 
Eddied  by  which  it  is  accompanied. 

In  a  second  order  reaction  the  effect  of  either  con- 
stituent upon  the  velocity  should  be  the  same. 

67.  Reactions  of  the  third  order. — If  the  3  substances 
^e  present  in  equimolecular  amounts,  we  have 


dt 

or 


37=*(^-^)^ 


I  x{2a—x) 


t  2a^{a—x)^* 
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One  reaction  of  this  order  has  been  studied  by  Noyes 
(Zeit.  f.  phys.  Chem  ,  i6,  546,  1895).    The  reaction  is 

2FeCl3  +  SnCl2  =  2FeCl2 + SnCU, 
or 

2Fe"*  +  Sn-  =  2Fe**  +  Sn.— 

The  results,  starting  with  a  concentration  of  .025  mote 
of  each,  SnCl2,  FeCla,  SnCU  and  FeCl2,  were  as  follows; 


Time 

X 

a—x 

k 

2.5 

0.00351 

0.02149 

"3 

3 

0.00388 

0.02112 

107 

6 

0.00663 

0.01837 

114 

II 

0.00946 

0.01554 

116 

IS 

0. 01 106 

0.01394 

118 

18 

• 

O.OII87 

0.01313 

117 

30 

0.0I/1/|0 

0.01060 

122 

60 

O.OI7I6 

0.00784 

122 

Average  = 

=  116 

For  such  a  reaction  of  the  jd  order  k  is  inversely  ff^ 
portional  to  the  square  of  the  original  concentration;  df^  * 
for  a  reaction  of  the  nth  order  would  be  inversely  prop^' 
tional  to  the  {n  —  i)  power  of  the  original  concentration' 

In  a  third  order  reaction  the  effect  of  the  addition  oi 
one  constituent  on  the  velocity  should  not  be  the  saiti^ 
as  that  produced  by  an  excess  of  the  other;  for  the  above, 
indeed,  Noyes  found  that  an  excess  of  ferric  chloride 


^ 
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has  a  greater  effect  ia  hastening  the  reaction  ihan  one 
of  stannous  chloride  has. 

Reactions  of  the  fourth,  fifth,  and  higher  orders  have 
sko  been  investigated.  Examples  of  the  fourth  order 
are  as  follows:  The  decomposition  of  KCIO3  at  395° 
which  takes  place  according  to  the  scheme 

L  4KCIO3  =  KCl  +3KCIO4 

{Scobai,  Zeit,  f.  phys.  Chem.,  44,  319,  1903) ;  the  reaction 
iKtween  hydrobromic  and  bromic  acids,  under  certain 
conditions  (Walker  and  Judson,  Trans.  Chem,  Soc,  73, 
4^0,  1898) ;  the  action  of  chromic  acid  upon  phosphoric 
Kid  (Viard,  C.  r.,  124,  148,  1897);  and  [he  reaction 
fbttween  bromine  and  benzene  (Bruner,  Zeit,  f.  phys. 
■^™^'i  4')  513.  1902). 

An  example  of  a  reaction  of  the  fifth  order,  which  has 
l^n  studied  by  Donnan  and  Le  Rossigno!  {Trans.  Chem. 
^■'  ^3i  7031  1903)  is  the  action  of  potassium  ferri- 
cyaoidc  upon  potassium  iodide.  And  one  of  the  eighth 
otder,  which  has  very  recently  been  studied  by  Luther 
andMacDougal  (Zeit.  f.  phys.  Chem,,  62,  199-243,  1908) 
is  ;he  action  of  chloric  acid  upon  hydrochloric  acid,  and 
may  be  written  in  its  ionic  form  as  follows : 

4H-  +  2CIO3'  +  2C1'-»2C102  +  CIz  +  2H2O. 

ffor  a  different  handling  of  the  fundamental  differential 


^Hf  or  a  different 
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equations  of  chemical  kinetics,  than  the  above,  see  Bra) 
Qour.  Phys.  Chem.,  9,  573-587,  1905)  and  De  Lurj 
{Ibid.,  10,  423-444,  1906). 

68.  Incomplete  reactions. — ^Thus  far  we  have  con- 
sidered the  speed  of  reactions  which  are  complete,  i.e., 
those  which  only  cease  when  all  the  original  substance 
has  been  transformed.  In  the  case  where  this  is  not 
true  it  is  necessary  to  use  the  equation  in  its  or^iiDai  1 
form.     Such  a  case  is  the  one  already  studied, 

C2H5OH  +  CHaCOOHiz^CHaCOOCaHg  -f  H2O, 

which  goes  with  a  certain  speed  imtil  two  thirds  of  the 
acid  and  alcohol  are  decomposed.  When  the  amount 
of  ester  is  equal  to  x,  then  (p.  262) 


-TT  =  ^(  I  —  X)*^  —  k^X^. 

at 


WTien  we  start  with  i  mole  of  each  acid  and  alcohol 
and  have  no  water  or  ester  present,  and  k  and  V  are  the 
speed  components  in  the  two  directions,  we  have  as 
above  (pp.  280-281) 


K-^-^ 
^"F-4- 


CHEMICAL  CHANGE.  297  , 

erving  the  chapge  for  any  time  we  find 


4/     °'2  — 3:x; 


k 
iiese  two  values  tt  and  k  —  k^  we  can  find  k.      The 

n  so  measured,  however,  does  not  give  a  con- 
ralue  for  k.  This  was  accounted  for  by  Kistia- 
{  (Wied.  Beibl.,  1891,  p.  295)  and  Knoblauch  (Z.  f. 
[;hem.,  22,  268,  1897).  When  alcohol  and  acetic 
>rm  ester  and  water  the  reaction  goes  faster  than 
dd,  according  to  the  theory.  This  is  due  to  the 
ic  action  of  the  H*  ion  present  when  the  reaction 
1  the  one  direction.  If,  then,  the  concentration 
ion  is  retained  the  same  throughout  the  reaction, 
Id  be  constant,  which  has  been  found  by  experi- 
D  be  the  case. 

shows  the  importance  of  secondary  reactions, 
may  give  entirely  false  results  imless  accoimted 

Beterogeneous  systems. — The  solution  of  a  sub- 
in  an  acid  depends  for  its  speed  upon  the  surface 
;act  between  the  two  and  upon  the  strength  of  the 
but  many  secondary  reactions  can  take  place  here, 
,  our  results  are  only  approximate, 
e  assume  the  surface  to  be  so  large  that  it  changes 
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but  slightly  during  the  reaction  we  may  consider  it  as 
constant;   we  have  then,  if  5  is  the  surface, 

where  x  is  the  amount  dissolved  in  the  time  /.     By 

integration  we  find 

I            a 
feS=—  log^ . 

The  formula  in  this  form  was  found  by  Boguski  (Ber., 
9,  1646,  1876;  ihid.y  10,  34,  1877)  to  give  constant  results, 
within  the  experimental  error,  for  the  solution  of  marble 
in  acid.     Noyes  and  Whitney  (Zeit.  f.  phys.  Chem.j  23, 
689,  1897)  have  proved  that  the  speed  of  solubih'ty  of  a 
solid   substance  in   any  instant   is  proportional  to  the 
difference  between  the  concentration  of  saturation  and 
the  one  at  the  time  of  the  experiment.     Further  work  of 
this  sort  has  been  done  by  Bodcnstein  and  others,  see 
Zeit.   f.   phys.   Chem.,   60,    1-67,    1907;    53,    166,   1905; 
49,  41,  1904;   and  46,  725,  1903. 

70.  Spe^d  of  reaction  and  temperature. — Empirically 
it  has  been  found  that  the  speed  0}  a  reaction  always  in- 
creases with  an  increase  in  the  temperature.  The  increase 
in  many  cases  is  very  great.  Thus  a  rise  in  tempera- 
ture of  30°  causes  the  speed  of  sugar  inversion  to  be 
five  times  as  great  as  before.  An  empirical  formula  was 
found  by  van't  Hoff  and  tested  by  Arrhenius.    We  have 

where  Co  is  the  speed  constant  at  the  temperature  rp» 


CHEMICAL  CHANGE.  299 

C\  is  the  constant  at  Ti,  e  is  the  base  of  the  natural 
logarithms,  and  -4  is  a  numerical  constant.  Using  the 
lower  of  two  temperatures  as  Tq,  we  have  for  the  trans- 
formation of  ammoniimi  cyanate  into  urea 

2^0=273  +  25®,    Co=o.ooo227,    -4  =  11700. 


,. 


Lu:i 


Ti 

C  (obs.) 

C(calc.) 

273  +  39 

0.00141 

0,00133 

273  +  50-1 

0.00520 

0.00480 

273  +  64.5 

0.0228 

0.0227 

273+74.7 

0.062 

0.0623 

273  +  80 

O.IOO 

o.ios 

C.  Application  of  the  Law  of  Mass  Action  to 
Electrolytes — Ionic  Equilibria. 

71.  Organic  acids  and  bases.  The  Ostwald  dilutioi^ 
law.— The  application  of  the  law  of  mass  action  to  gaseous 
equilibria,  as  well  as  to  those  existing  in  solutions  of  non- 
electrolytes — in  short  to  chejnical  equilibria — has  shown 
^t  it  is  a  general  law  of  nature,  holding  between  very 
^de  limits.  The  question  which  naturally  arises  here, 
"len,  is,  Can  the  lav/  of  mass  action  also  be  applied  to 
"^ose  equilibria  existing  between  the  ionized  and  un- 
loiuzej  portions  of  a  sub3tance  in  solution?  In  other 
^ords,  is  the  law  of  mass  action    the   principle   govern- 

« 

^S  the  amounts  of  these  portions  which  can  exist  together 
^  equilibrium?    It  is   the  purpose  of  this   section   to 
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answer  this  question  so  far  as  is  possible  from  our  pr 
knowledge  of  the  facts. 

The  conductivity  ratios  — ,  as  well  as  the  methods  - 

fioti 

determining  the  average  molecular  weight,  where  the 
can  be  carried  out  with  suflScient  accuracy,  show  that 
water  solution  of  acetic  acid  is  ionized  according  to 
following  scheme: 

CHaCOOH^CHsCOO'  -f  H'. 

From  this  equation,  applying  the  law  of  mass-action, 
we  obtain 


rr        ^CHaCOO^^H-  .        . 

Ac  = =  constant, 

^CHaCOOH 

or  (see  page  249) 


Ka  = 


a2 


7 rT>  =  constant, 

(i— a)F 


which  is  known  as  the  Ostwald  dilution  law,  for  it  gives 
the  relation  of  ionization  to  dilution. 


Substituting  the    ratio   —  for  a  at  various  dilutions? 

Ostwald  found  Ko  to  be  constant,  with  a  value  at  25°  of 
1.8  XiC^.  From  the  value  of  Kc  at  any  temperature, 
then,  it  is  pc^'sible,  by  solving  for  a,  to  find  the  dc^'jrcc 


CHEMICAL  CHANCE.  361 

oi  ioTHzation  at  any  dilution  or  at  any  concentration  at 


™ere  K,  is   the   equilibrium ,  dissociation,  or  ionization 
fcwiani,  or  the  so-called  coefficient  of  affinity,  of  the  acid. 

Further  than  this,  when  Kc  is  known  for  any  tem- 
perature it  is  possible  to  find  a,  at  any  dilution,  in  the 
presence  of  an  acid  or  salt  with  an  ion  in  common 
(H'  or  CH3COO').  And,  just  as  in  the  case  of  gaseous 
"dissociation,  we  always  find  a  smaller  dissociation  in  the 
Prfsence  of  the  products  arising  from  an  exterior  source. 
'Naturally  the  calculation  here  is  similar  to  the  other 
(P-  242).    For  example,  we  have 

„  __ (Cji-  +x—y) rccHaCOO' ~ y) 

(^CHsCOOH  +  y) 

^here  x  represents  the  concentration  of  H'  ion  due  to 
^"ler  substances,  Ch-  and  CchjCOO'  are  the  concentrations 
"^"t  to  the  acid  in  the  absence  of  other  substances,  and 
^  is  the  concentration  of  each  (H"  and  CH3COO'}  lost,  i.e., 
""■ting  to  form  un-ionized  CH3COOH,  as  the  result  of 
^  presence  of  x  moles  of  H'  ion.  The  concentrations 
^'  ft'  and  CH3COO',  now  arising  from  the  acid,  are 
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equal,  then,  to  {c^-  ~y)  =  (^cHKX>o'-y);  and  the  ui 
ized  acid  concentration  is  (ccHaCOOH+y)- 

Indeed  everything  which  we  found  above  (pp.  241 
to  hold  true  for  gaseous  dissociation,  with  the  on 
ception  mentioned  below,  also  holds  true  for  the  rel 
of  ionized  and  un-ionized  portions  of  a  substance,  c 
type  of  acetic  acid,  in  solution.  And,  as  a  rule,  tl 
suits  are  simpler  to  calculate,  for  the  volume  chan 
the  system  is  so  small  as  to  be  neghgible. 

We  can  also  define  the  ionization  constant  in  1 
similar  to  the  definition  of  the  gaseous  dissociation  cat 
(p.  250).  Thus  by  multiplying  iCc  for  acetic  acid  by 
obtain  0.000036  as  the  concentration  in  moles  per  li 
a  solution  of  acetic  acid  which  would  be  50%  ior 
i.e.,  a  solution  of  i  mole  of  acid  in  27777.5  liters  of  v 

All  organic  acids  when  treated  in  this  way  give  a 

stant  value  for  the  expression r7>.     This   is  the 

^  {i—a)V 

ference    between    gaseous     and   electrolytic   dissoci 

equilibria,  at  least  when  the  latter  is  for  an  organic 

The  acid,  whether  it  he  mono,  di,  or  polybasic,  ai 

ionizes  as  a  monobasic  acid  up  to  the  dilution  at  i 

a  =0.5.     This  means  that,  assuming  the  acid  to  v 

simply  into  the  two  products  H"  and  the  negative  ra 

(i.e.,  for  the  calculation  of  .Mqo  )>  which  may  also  co: 

replaceable  hydrogen,  a  constant  is  obtained  so  lor 

the  ionization  in  this  way  is  50%  or  less.     Beyond 
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po^^t  the  H'  ion,  due  to  a  breaking  down  of  the  negative 
ion  containing  replaceable  hydrogen,  is  great  enough 
in  concentration  to  influence  the  constant,  which  begins 
to  vary.  Above  the  dilution  at  which  a  =  0.5  the  second 
and  following  replaceable  hydrogens  begin  to  appear  as 
ion,  and  must  be  taken  into  account;  and  at  infinite  dilu- 
tion, if  it  were  possible  to  attain  it,  the  polybasic  acid 
would  be  composed  of  all  the  replaceable  hydrogen  as 
ion,  together  with  the  negative  radical,  without  replacea- 
ble hydrogen,  as  the  negative  ion. 

The  calculation  of  the  degree  of  ionization  of  dibasic 
acids  above  the  dilution  at  which  a  =  0.5  has  been  worked 
out  by  W.  A.  Smith  (Zeit.  f.  phys.  Chem.,  25,  144,  and  193, 
1898.  See  also  Wegscheider  (Sitz.  d.  Akad.  d.  Wissen- 
shaft,  III,  441-510,  1902),  McCoy  (J.  Am.  Chem.  Soc, 
30,  688-694,  1908),  and  Chandler  {lUd.,  30,  694-718, 
1908).)  For  a  tribasic  acid,  for  example,  we  have  the 
following  processes  taking  place: 

H3A  =H-4-H2A', 

H2A'  =  H-4-H^^ 

HA''=H-+A''', 
for  which,  by  application  of  the  law  of  mass  action  to 
each  equation,  we  obtain 

(X 
(X    ^ 

\i     (Xft)  y  n 
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It  is  to  be  noted  here  that  the  concentration  of  Ihe 
complex  ion  in  each  reaction  is  the  same  as  that  in  the 
equation  below  it;  e.g.,  ch,v  in  i  and  2,  and  Cha"  i" 
2  and  3.  The  value  V,  is  the  number  of  liters  contain- 
ing I  mole  of  H3A;  V,j  that  containing  i  mole  of  HjA', 
found  from  the  previous  equation;  and  V,,,  that  contain- 
ing I  mole  of  HA,  as  calculated  from  the  second  equa- 
tion. 

Up  to  the  dilution  at  which  0  =  0.5  ^^^  constants  k 
and  ks  are  so  small  that  in  general  they  have  no  effect 
on  the  concentration  of  H'  ion,  which  is  practically  equal 
to  cii-'.  Above  that  point  the  value  of  H"  at  any  dilution 
must  be  taken  as   equal  to  Cii''+cii-"+Ca'"- 

The  values  of  the  constants  k-i  and  kg,  and  the  ccffl' 
centrations  c^-"  and  Cn'",  can  be  obtained  by  observ- 
ing the  catalytic  action  of  the  acid  salts,  for  example 
NaHaA  and  NaaHA,  upon  sugar  at  100°  or  methyl  acetate 
(p.  28s).  In  these  cases,  ako,  we  should  have  the  relations 
given  above  for  ^2  and  k^,  and  experiment  has  shoffn 
this  to  be  the  case.  Since  the  mono  and  disodium  salts 
of  a  tribasic  acid  increase  in  ionization  approximately 
proportional  to  the  volume,  the  concentration  of  H 
in  acid  salts  is  almost  independent  of  the  dilution.    In 

other  words,  since  we  have  ^2  =  — ~,  and  <&*' 

is  approximately  constant  io  moles  per  liter,  c"u  from  * 
mono-  or  di-sodium  salt  of  a  tnbasic  acid  must  sJ* 
remain  constant. 
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30s 


^^r  citric  acid  (tribasic)  the  following  values  at  25^ 
j:  .  ^ete  determined  by  Smith  (I.e.) : 

to  ■ 

X 


i[;=82.oXio""^ 

*2=    3.2XIO"^ 
^3=    0.07X10"^. 

From  these  values  the  actual  concentration  of  H' 
ion  can  be  calculated  at  any  dilution;  and  it  will  be 
found  that  the  second  hydrogen,  indeed,  has  little  effect 
until  the  amoimt  of  H2A'  is  greater  than  one-half  the 
total  concentration. 

A  few  ionization  constants  are  given  below  in  Table 

Table  XUI. 
ionization  constants  of  organic  acids  at  25®  c. 

1.34      Malic 39.5 

Fumaric 93 

Tartaric 97 

Salicylic 102 

Orthophthalic 121 

Monochloracetic 155 

Malonic 158 

Maleic 11 70 

Dichloracetic 5140 

Oxalic 10060  ("±)* 

Trichloracetic 12 1000  (±)* 


^pionic 

^butyric 

Capronic 

^^tyric 

Valerianic •  i 

Acetic I 

Canapiioric 2 

Anisic 3 

PheixylacryUc 3 

Succi^c 6 

Lactic 13 

GlycolUc 15 

Forrnic 21 


44 
45 

49 
61 

80 

25 
20 

55 

65 
8 

2 

4 


*^tTiese  two  adds  are  so  largely  dissociated  that  a  small  error  in  a 
affects  JC  to  a  large  degree.  For  a  list  containing  a  very  large  number 
^^  ^thxer  adds  see  Zdt.  f.  phys.  Chem.,  3,  418-20,  1889,  or  Kohl- 
ia\i3ch  and  Holbom,  Ldtvermogen  der  Elektroljrte,  pp.  176-193. 
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XIII;   they  all  refer  to  the  first  hydrogen,  i.e.,  axe  equal 
to  Kc  in  the  above  set  of  formulas. 

The  value  of  i^c  at  i8°  for  a  few  other  acids,  some  of 
which  are  inorganic,  but  characterized  by  their  smaJl 
ionization,  and  by  obeying  the  law  of  mass  action,  are 
given  by  Walker  and  Cormack  (Trans.  Chem.  Soo., 
77,  8,  1900),  the  value  of  acetic  acid  being  given  for 
comparison. 

PerCetK^t 
Name.  ICXxo-      -J^t"?^^^ 

Acetic  acid  (25°),  CH3COO'— H* 1,800,000  1.3 

Carbonic  acid,  H* — HCO3' 3,040  0.17^^— 

H— CO3" 0.6*  .... 

Hydrogen  sulphide,  H* — HS' 570  0.07^^ 

Boric  acid, 'H' — H2BO3' 17  o.oi^^ 

Hydrocyanic  acid,  H' — CN' 13  o.oiz^kz 

Phenol,  H— C2H5O' 1.3  o.oo::^7 

The  constants  for  the  ionization  of  the  second  H*       ion 
of  some  dibasic  acids,  according  to  the  scheme 

as  found  by  Chandler  (1.  c.)  are  given  in  the  following 
table :  I J 


McCoy,  Am.  Chem.  Jour.,  29,  455,  1903. 


••:r( 


k 
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Aeida.  10«*».  Acids.  10«Jfci. 

Oxalic ^i          w-phthalic  ,..: 27 

^^^onic *....     2,0      Camphoric 14 

Succinic 2,2      Itaconic 2,2 

Gluta.ric 2-4      Maleic 0.20 

Suberic 3.7      Fumaric 22.0 

Pimelic 4-4      Monobromsuccinic 25 

Azelaic ^,^      Dibromsuccinic IS40 

^'-ptitlialic 3.1 


Tlese  constants  were  determined  by  aid  of  the  coeffi- 
cient of  partition  between  two,  immiscible  solvents,  the 
H2A,  alone  being  distributed.  (McCoy,  Chandler,  1.  c.) 
K  -P  is  the  coefficient  of  partition,  as  found  for  the  pure 
H2A,  then  the  molecular  concentration  of  H2A  in  the 
wa,ter  layer,  for  equal  volumes  of  the  two  solvents,  will 
be  JP  times  the  equivalent  concentration  of  H2A  in  the 

other  layer,  where  P  is  the  coefficient  of  partition,  i.e.,  — • 

C2 

In  a  mixture  containing  the  dibasic  acid,  partly  neu- 
tralised, the  following  conditions  must  be  fulfilled  at 
^uilibrium: 

and 

W  ^  Ch'XCa"  =  ^2^HA'« 

Here  the  term  Ch  ,  contrary  to  the  usage  in  the  above 
^orrauias,  denotes  the  total  concentration  of  H*  ion  in 
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By  combiDation  of  (a)  and  (b)  we  obtain  ^j^ 


if) 


^HiaXCa"      ^2 


from  which,  if  (:h,a>  ^a">  stnd  Cha'  can  be  determined  ^e 
can  calculate  ^2  from  the  known  value  of  i,  as  foimd  fot 
the  acid  at  dilutions  at  which  a  is  less  than  50%. 

If  «!  and  a2  are  the  degrees  of  ionization  respectively 
of  the  acid  and  neutral  salts,  we  shall  have,  as  close 
approximations, 

(^  ^HA'  =  «1  (2t:NaHA)i 

and 

{e)  ^A"  =  «2(2cNa,A), 

where  the  sign  S  denotes  the  total  quantity,   in  moles 
per  liter,  of  the  substance  present. 
As  the  solution  is  electrically  neutral,  we  may  write 

(2c A"  because  we  must  have  the  same  number  of  equiva- 
lents on  each  side,  and  there  are  2c;a"  equivalents  for 
each  Ca"  present);  and  if  we  designate  by  m  the  total 
sodium  present  we  shall  have 

(2^Na2A  fo^^  ^NaaA  represent  only  one-half  the  total  Na 
as  Na2A  present). 
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I         Calling   the    total   hydrogen,    except    that    present    as 
J     H2A,  in  the  water  solution  C,  i.e.,  C  equals  the  equiva- 
lent acid  concentration  of  the  water  layer,  less  P  times 
the    equivalent   acid   concentration   in   the  other  layer 
(this  is  equal  to  the  H^A  in  the  water  layer),  we  have 

From.(rf)  and  {e),  then,  we  have 

(0  fHA-  =  «l(C-fH), 

and  from  {a)  and  (;') 


(f> 


cha'  = 


^# 


CV^ 


When  ch-  is  small  compared  to  C,  i.e.,  for  weak  acids, 
(i)  becomes 

(k)  cra'^ciC  nearly. 

To  which   (/)  also  reduces  when  K^iChja  is  very  small 

compared  to  t I  ■ 

From  (/)  and  (g) 
(0  Scn^ha  +  22cn^a-  en  =m, 

hence  (d),  (e),  and  (/)  give 


im) 


-c-a-  =  m 
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and  («)  and  (m), 

,.                      ,          \m+C    Cha'1 
(»)  c^'"cc2Y— —J, 

which  if  Cha'  ""^iC,  (k)  becomes 

Equations  (j)  and  («),  here,  must  be  used  for  highlj 
ionized  acids,  like  oxalic  and  dibromsuccinic,  but  tb( 
simplified  forms  (k)  and  (o)  may  be  used  without  appr& 
ciable  error  for  the  weaker  acids  like  succinic. 

Substituting  these  values  in  equation  (c),  knowing  ^ 
it  is  possible  to  find  *2  which  can  then  be  used  as  abov 
(p.  308). 

An  example  will  perhaps  make  the  above  calculati^ 

more  readily  imderstood.    The  partition  coefficient  C 

of  succinic  acid  between  water  and  ether  was  found 

follows:    40  cc.  of  the  water  layer  required   27.96  < 

of  »/io  Ba(0H)2;   while  40  cc.  of  the  ether  layer,  af 

evaporation  of  the  ether  and  re-solution  of  the  acid 

water,  required  3.78  cc.  of  the  same  solution  of  •Ba(OII 

The    apparent    coefficient    of    partition,    therefore, 

27.96/3.78  =  7.40,  but  this  must  be  corrected,  since  p- 

of  the  acid  in  the  water  layer  is  ionized,  while  that 

the  ether  is  not.    The  aqueous  layer  was  4.28%  ioniz6 

as  calculated  from  its  concentration,  0.0349  molar,  a: 
the  known  ionization  constant,  K,  is  66.5  Xio"^    T 
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true  coefEcient  of  partition,  then,  is  7.40(1—0.0428)  = 
J.08.  Another  aqueous  solution  of  0.1362  normal,  and 
hence  2.19%  ionized,  gave  for  the  coefficient  7.16(1—0.0219) 
=j.oo.  The  mean  of  these,  7.04,  is  the  true  coefficient 
of  partition,  independent  of  concentration. 
To  find  the  value  of  the  ionization  constant  of  the  second 

liydrogen  (i.e.,  k2  = )   20  cc.  of  0.2  molar  suc- 

cinic  acid  and  20  cc.  of  0.25  normal  sodium  hydroxide 
Were  mixed  with  50  cc.  of  ether,  and  water  added  until 
the  water  layer  measured  50.42  cc.  The  sodium  con- 
centration, m,  here  is  =  0.00016.     20  cc.  of  the 

50.42  ^^ 

water  layer  required  11.66  cc.  of  m/io  Ba(0H)3;  40  cc. 
of  the  ether  solution  required  6. 11  cc.  of  w/ioo  Ea(0H)2. 
From  these  results  it  follows  that  the  equivalent  acid 
wncentration  of  the  water  layer  is  0.05830,  and  that 
^  the  ether  layer  0.001528.  Therefore  C=o.o583- 
(?.04Xo.ooi528)  =0.04754.  If  aL=o-8o  and  1*2=0.70, 
Qen  c^j^'  =  aiC^o.o^&o^  and  cy  =  o.^a2{ni  —  C)  = 
o-oi8oy,  while  Chja  =  o.5X7.04Xo.ooi528  =  o.oo538. 

We  have  then  from  (t),  since  these  are  the  quantities 
Histing  in  the  water  layer,  and  in  equilibrium, 

K  ("HA' 2  o 

= — — ~ —  =  14.8. 

^2       CHiAXCa" 

A  series  of  such  determinations  gives  a  mean  value  of 
|''=tS.4,  hence  since  A' =  0.0000665 ,  ^2=0.0000043. 
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In  the  case  of  the  addition  of  a  salt  with  an  ion  in 
common  to  an  organic  acid  (p.  301)  the  following  will  be 
seen  at  once  to  be  true.  If  the  degree  of  dissociatioa 
of  a  salt,  with  an  ion  in  common  with  an  acid,  is  d,  and  n 
is  the  number  of  moles  of  salt  which  are  present,  then  the 
equation  of  equilibrium  of  the  acid  will  become 

For  very  weak  acids  we  can  generalize  this  as  follows: 
a,  the  degree  of  dissociation  of  the  acid,  is  very  small 
in  presence  of  the  salt,  so  that  a  in  comparison  to  i  and 
nd  may  be  neglected.  Since  d  for  salts  is  almost  inde- 
pendent of  the  dilution,  we  have 

KcV. 
n 

i.e.,  the  dissociation  0}  a  weak  acid  in  presence  0}  one 
of  its  salts  is  approximately  inversely  proportional  to 
the  amount  0}  the  salt. 

The  case  of  the  partition  of  a  base  between  two  acids 
depends  to  a  certain  extent  upon  their  ionization  con- 
stants. This  partition  takes  place  when  there  is  not 
enough  base  present  to  saturate  both  acids.  The  final 
mixture  consists  of  water,  dissociated  and  undissociated 
salt,  and  the  dissociated  and  undissociated  portions  of 
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the  acids.    The  equilibrium  is  the  same  as  that  which 

would  be  attained  by  the  mixture  of  the  salt  of  the  one 

acid  with  the  other  acid.    The  aflSnity  of  each  acid  for  the 

base  will  depend  upon  the  percentage  of  free  H'  ion 

which  it  possesses,  i.e.,  the  one  containing  the  larger 

quantity  will  imite  with  the  larger  amount  of  the  base. 
For  weak  adds  it  is  possible  to  formulate  a  general 

law^  regarding  the  partition  and  the  ionization  constants. 

In  this  case  a  is  so  small  that  it  may  be  neglected  in 

I  —  cK ;   hence  we  have 


cc^^Vkv. 


And  for  two  acids  at  the  same  dilution 


\/Kc:a::\/K/:a\ 
or 

The  coefficient  of  partition  0}  two  acids,  then,  is  propor- 
tionaie  to  the  ratio  0}  their  degrees  of  dissociation  at  the  given 

Vk 

volume^  or  for  WEAK  acids  to   — =• 
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This  coefi&cient  of  partition  is  independent  of  the 
nature  of  the  base  and  depends  only  upon  the  two  acids. 

For  the  partition  of  an  acid  between  two  bases  the  co- 
efficient  will  depend  only  upon  the  two  bases.  K  a  is 
the  degree  of  dissociation  of  the  one  base  and  a'  that  of  the 
other,  we  shall  have  for  them  when  weak,  just  as  for  acids, 


and  the  same  generalization  holds  true. 

In  order  that  a  base  may  be  divided  equally  between 
two  acids  it  is  necessary  that  they  be  isohydric,  i.e.,  it  is 
necessary  that 

KC=kc. 

An  example  of  isohydric  solutions,  i.e.,  two  which 
contain  the  same  concentration  of  H'  ion,  is  acetic  acid 
at  a  dilution  of  8  hters  and  hydrochloric  acid  at  one  of 
667  liters.  These  two  solutions  may  be  mixed  in  all 
proportions  without  any  change  in  the  dissociation 
resulting.  When  mixed  in  equal  volumes,  if  treated 
with  a  small  amount  of  base,  equal  amounts  of  chloride 
and  acetate  will  be  formed. 

That  these  solutions  may  be  mixed  in  all  proportions 
without  changing  llicir  degree  of  ionization  may  be 
shown  in  the  following  way;   Let  C  and  c  represent  the 
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un-ionized  portions,  and  Ch,  C2,  ^h>  and  C2  represent  the 
ionized  portions,  where  C2  and  C2  are  for  different  ele- 
ments.   We  have  then 

kC  «»  CjjC2> 

KC = ChC2. 

K  the  volume  v  of  the  first  solution  be  mixed  with  V 
of  the  second,  the  concentrations  of  the  un-ionized  por- 
tions, and  of  the  unlike  ions  C,  c,  C2,  and  C2  become 

Cv         cv       C2V  ,      C2V 


and 


V+v     V+v     F+v     *"'''     V+v 
while  the  concentration  of  the  common  H*  ion  becomes 

By  application  of  the  law  of  mass  action,  to  the  mixture 
then,  we  have 

'^         V+V  V+v 

But  these  four  k  equations  are  only  satisfied  when  Ch =Ch; 
i^,  no  displacement  of  the  dissociation  occurs  by  the 
mixing  of  iso-hydric  solutions. 

All  these  conclusions  hold  also  for  the  organic  bases, 
as  well  as  some  of  the  inorganic  ones.  The  ionization 
amsiafUs  for  these  are  found  from  the  relation 

Ac=- — ;: • 
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where  M'  is    the  positive  and   OH'  the  negative  ion.   |s 
The  value  of  K  for  a  few  bases  is  given  below: 

Urea,  (4o°.2) iC= 0.0037X10'" 

Acetamide,      (4o°.2) o  .0033X10'"    " 

Acetanilide,     (4o°.2) o  .0044X10'" 

AniUne,  (25°) 5.4      Xio-*' 

/>-Toluidine,    (40°. 2) 20.7      Xio'' 

m-Nitraiiiline,(4o°.2) 4  Xio' 

p-         '*  (40°  2) I  Xio"'' 

o-         "  (4o°.2) o.oi    Xio^^' 

Ammonium  hydrate,  NH;  —  OH'  (25°) 23  X  lo" 

Methylamine,         (25°) 5  X 10^ 

Dimethalamine,      (25°) 0.074  Xio^ 

Trimethylamine,    (25°) 0.0074X10^  - 

Propylamine,  (25°). o  .047  X  lo'^  ^ 

Isopropylamine,      (25°) o  .053  X  lo""^  ^ 

Isobutylamine,  "     (25°) 0.034  Xio""^ 


The  equation  on  page  301  has  also  been  used  to  d 
termine  the  concentration  of  an  ion  in  the  solution  adde^^ 
to  a  substance  obeying  the  law  of  mass  action,  and  wit^  - 
very  good  results.  Thus,  starting  with  acetic  acic^ 
knowing  the  concentration  of  H*  ion,  and  adding  sodiur^ 
acetate,  we  can  find  the  concentration  of  CHaCOC^ 
ion  in  the  salt.  In  this  case  the  new  concentration  C^ 
H*  ion  can  be  determined  from  the  speed  of  inversion  ^ 
of  sugar;  and,  by  solving  the  equation  for  the  amour^^ 
of  CH3COO'  added,  we  can  find  the  dissociation  of  tfc»- 
salt  solution  added. 

This  same  process  may  also  be  carried  out  with  oth^^ 
systems,  mentioned  below,  and  by  it  it  is  possible  *^ 
determine  the  concentration  of  any  one  kind  of  ion. 
mentioned  above,  the  ionization  has  been  found  to 
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sensibly  the  same,  by  whatever  method  it  may  be  deter- 
mined. 

An  interesting  relation  has  been  found  by  Osaka 
(Coll.  Sci.  and  Eng.  Mem.,  Kyoto,  i,  103,  1905;  3, 
J05-2IO,  1907)  to  exist  between  the  concentration  of 
H"  ion  (or  OH*  ion)  in  a  weak  acid  (or  weak  base)  when 
it  is  50%  neutralized  by  a  strong  base  (or  strong  acid). 
If  the  acid  (or  base)  is  very  slightly  ionized  and  the  salt 
practically  completely  ionized,  we  have 

HA  +  ^Na-  +  iOH'  = !  H^O  +  JHA  +  JNa-  +  i  A'. 

Hence  in 

ch-=— — 

"ispectioE  shows  that  Ca  ^^^hai  and 

^^^^  amcenlralion  of  H'  ion  in  a  weak  acid  50%  neu- 
I  Inlized  by  a  strong  base  is  equal  lo  Ike  ion^lion  constant 
I  y  '«e  acid,  provided  the  salt  is  practically  completely 
ionized, 
•^^r  a  weak  base,  50%  neutralized  by  a  strong  acid, 
I     *e  fincj  jn  ji;,g  game  way 

'    an  equimolecular    mixture   of  two   acids   is   50% 
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neutralized  by  a  strong  base  and  the  salts  remain  prac- 
tically completely  ionized,  we  shall  have 

HA+HB+Na-  +  0H'=H20+^HA  +  (i-::c)HB 

+  (i-jc)A'+:x;B-+Na* 
and 

ch*  = = > 

but  Cha=^b'>  2^d  Chb=^a'-    Hence 


'.^ 


r/je  concentration  of  H'  ion  in  an  equimolectdar  nP"^^ 
ture  of  two  weak  acids,  which  is  50%  netitralized  by  ^ 
strong  base  is  equal  to  the  square  root  of  the  product  ^J 
the  two  ionization  constants. 

It  is  also  possible,  in  the  same  way,  to  find  c^-  (oxcq^'^ 
when  the  acid  (or  base)  is  1/3,  1/4,  or  1/5,  etc.,  ne 
tralized  by  a  strong  base  (strong  acid). 

72.  Acids,  bases,  and  salts  which  are  ionized  to  a  co 
siderable  extent.  Empirical  dilution  laws. — The  applic 
tion  of  the  law  of  mass  action  (the  Ostwald  diluti 
law)  to  the  above  so-called  strong  electrolytes  does  n< 
lead  to  a  constant  value  for   K  when  the  ionization 

taken  from  the  conductivity  ratio   — .     As  in  gener^ 

the  degree  of  dissociation  is  found  to  be  the  same  by  dU 

the  possible  methods,   our  only  conclusion  at  present      '^•^ 
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tfial  the  law  oj  inass  action  cannot  be  applied  to  the  eqiii- 
iihrium  0}  un-iomzed  and  ionized  portions  in  such  solutions 
as  these.  Although  this  is  true  with  regard  to  very 
soluble  salts,  there  is  a  quantitative  relation,  which  we 
shall  develop  below,  holdir^  for  the  ionized  portions  of 
difficultly  soluble  substances,  when  the  un-ionized  por- 
tion is  retained  constant. 

Xhe  only  known  case  of  a  dissociating  and  very 
soluble  salt  to  which  the  law  of  mass  action  may  be 
applied,  i.e.,  the  only  exception  to  the  above  conclusion, 
is  caesium  nitrate,  when  a  is  determined  by  the  freezing- 
point  method.  And  this  is  not  true  for  a  as  determined 
by  the  other  methods.  In  other  words,  in  this  case  the 
freezing-point  results  point  to  a  different  degree  of  ion- 
ization than  any  other  method.  The  results  for  caesium 
nitrate  as  determined  by  Biltz  (Ztit.  f.  phys.  Chem.,  40, 
218,  1902)  by  the  freezing-point  and  conductivity  meth- 
ods are  given  below. 


Bi  Depression  c 
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By  Conductivity,  //oo  — 147. 


(Liters  per 

Mole). 

H. 

1024 

146.4 

5" 

144.7 

256 

141. 9 

128 

139 -3 

64 

138.3 

32 

134.2 

16 

128. 1 

8 

120.9 

4 

III. 9 

a* 


(i-a)V 


0.14 
0.23 
0.30 

0.37 
0.47 

0.61 


Biltz  attributes  the  failure  of  the  law  of  mass  actio: 
as  applied  to  strong  electrolytes,  to  a  hydration  of 
substance — i.e.,    to   a   chemical    reaction    between 
substance  and  the  solvent — which  would  remove  active 
solvent  from  the  solution,  so  that  it  would  be  really  mor"'^ 
concentrated  than  it  appears  to  be.     Just  why  the  solutioxTi 
of  caesium  nitrate  in  water  should  give  a  constant  valixe 
for  K  when  a  is  determined  by  the  freezing-point  method, 
while  for  conductivity  it  fails  to  do  so,  is  unknown  and 
thus  far  nothing  but  assumption  has  been  possible.    It 
is   to   be   remembered,   however,  that   this  value  of  K^, 
although  giving,  when  solved  for  a,  the  ionization  accord- 
ing to  the  freezing-point  method,  does  not  give  the  val^^^ 
as  determined  by  any  other  method,  so  that  too  much 
stress  is  not  to  be  laid  upon  it,  especially  in  face  of  the 
fact  that  the  law  cannot  be  applied  to  any  other  strong 
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electrolyte  by  any  method  of  determining  a.      It  would 
seem  more  probable  that  some  secondary  action  takes 
place  in  the  freezing  which  is  absent  in  all  other  cases, 
so    that  iti  this  one  case  the  freezing-point  result  is  in- 
correct.    This,  of  course,  may  not  be  true,  but  at  the 
pt¥;sent  time,  in  the  absence  of  any  indication  of  such  a 
f^sult  for   other   substances,    it   is   decidedly   the   most 
'■^asonable  and  logical  one.      In  other  words,  then,  so 
far  as  we  know  at  present,  in  ail  cases  but  this  the  con- 
ductivity leads  to  the  true  value  for  a,  so  that  it  is  but 
^asonable,  until  further  evidence  is  at  hand  to  assume 
*t    be  correct  here,  and  attribute  the  case  above  to  some 
abnormality  not  yet  encountered  with  other  substances. 
It  has  also  been  observed  that  picric  acid  and  nitric 
^cid  both  give  constants  for  the  Ostwald  dilution  law 
'**''hen  a  is  determined  by  the  partition  of  the  acid  between 
*'^v-o  immiscible  solvents  (water-benzene  and  water-ether), 
^though  the  values  of  a  as  found  by  conductivity  fail 
^"^     lead  to  a  constant.    See   Rothmund  and  Drucker 
CZeit.  f.  phys.  Chem.,  46,  827,  1903)  and  Bogdan  (Zeit.  f. 
■Elettrochem.,  11,  824,  1905,  and  12,  489-493,  1906). 

Although  the  Ostwald  dilution  law  fails  utterly  to  hold 
"1  other  cases  for  the  equilibrium  between  the  ionized 
^i^ci  un-ionized  portions  of  strong  electrolytes,  how- 
•^ver  determined,  certain  other  empirical  dilution  laws 
Qave  been  found  which  allcw  us  to  find  the  respective 
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amounts  at  any  dilution.  Thus  Rudolphi  (Zeit.  f.  pkys. 
Chem.,  17,  385,  1895)  fou^d  a  dilution  law  which  giv^es 
a  constant  value  between  certain  limits  for  such  solu- 
tions as  do  not  follow  the  Ostwald  dilution  law.    This 

« 

law  is 


a? 


(i-a)VF 


=  constant, 


where  the  value  of  the  constant  is  approximately  the 
same  for  analogous  substances,  van't  Hofif  (Zeit-  f. 
phys.  Chem.,  18,  300,  1895)  altered  this  to  the  form 


Q,3 


^, T^j,  =  constant, 


which   holds   even   better   than   Rudolphi's.     Simplified 
this  relation  is 


.3 


7^  =  constant, 


Cs 


i.e.,  the  cube  of  the  concentration  0}  ions  divided  by   ^"^ 
square  of  the  undissociated  portion  is  a  constant. 

Writing   the   Ostwald   dilution   law   in   this   form     ^^ 
obtain  (for  binary  electrolytes) 
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whUe  this  empirical  relation  {in  either  form)  rem(Uns  the 
same  jor  binary  or  ternary  substances;  in  other  words,  is 
independent  of  the  number  oj  ions  formed  from  one  mole 
of  the  substance. 

Some  values  found  by  use  of  ^'an't  Hoff's  equation 
are  given  below.  The  value  of  k  by  the  Ostwald  dilu- 
tion taw  will  be  found  to  vary  considerably,  while  ^h  is 
quite  constant,  i.e.,  within  the  experimental  error. 

AgNOj  25°, 


=  64 

=  356 


9467 
9619 


Bancroft    {Zeit,    f.    phys.  Chcm.,  31. 
E^es  a  dilution  law  of  the  form 


)  pro- 


^^  which  the  constant  and  n  are  functions  of  the  nature 
^'  the  electrolyte.  Although  this  relationship  is  as  yet 
^nfenovm,  Bancroft  suggests  that  we  may  sometime 
™i<i  a  relation  of  the  form 


=  2~/  (constant) 
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(where  /  {constant)  varies  between  zero  and  a  value 
approximating  one-half)  which  will  reconcile  the  Ost- 
wald  dilution  law,  holding  only  for  organic  acids  and 
bases,  and  in  which  «=2,  with  this  form  in  which  ti 
varies  between  the  values   1.36  and   1.5.     For  KCl  al 

18°  we  have  the  relation  =  2.63,  which  holds  in  a 

Ca 

very  remarkable  way  between  the  volumes  0.3  anc 
10,000  liters,  as  will  be  seen  by  referring  to  the  results  it 
the  following  table: 


KCl  AT  18O. 

.1.86 

-^  =  2.63. 

a 

V 

Obs. 

Gale. 

* 

0.987 

0.987 

1 0000 

0.984 

0.983 

5000 

0.978 

0.976 

2000 

0-973 

0.970 

1000 

0.965 

0.962 

500 

0.950 

0.948 

200 

0.934 

0.934 

100 

0-915 

0.917 

SO 

0.902 

0.906 

33-3 

0.883 

0.892 

20 

0.853 

0.864 

10 

0.821 

0.834 

5 

0.803 

0.813 

3-3 

0.780 

0.786 

2 

0.748 

0-745 

I 

0.706 

0.700 

o.S 

0.673 

0.672 

0.3 

For  other  substances  the  relation  —  is  not  so  saOs 

Cs 
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factory  or  constant.  Ntqres  (J.  Am.  ChcsO.  See,  a6, 
168,  1904)  has  determined    the   degree   of   ionization, 

—  for  ihe  chlorides  of  potassium  and  sodium  at  various 

temperatures   and  finds  a  constant  %-alue  for   the   ratio 

— p;  tkai  is,  thr  fraction  0/  soli  un-ionised  is  directly 

froportional  lo  Ihe  cube  root  0}  the  concentration,  or  the 
amcenlralion  0}  un-ianised  substance,  (i  —a)c,  is  directly 
prapoTtional  to  ihe  4,'^  power  oj  the  total  concentration,  c, 
of  salt.  The  degrees  of  ionization  of  potassium  and 
sodium  chlorides  were  found  to  be  nearly  identical  (the 
ertreme  variation  being  2"^)  at  all  temperatures  and 
dilutions.  In  a  o-i  molar  solution  the  dissociation  bas 
approximately  the  following  \'alues: 

iS"  84%  281=  67% 

140"  79%  30*°  fc% 

»i8"  74% 

^e  values  of  X'  =  — j—  are  as  follows: 

18°  140°  118"  iSt°  306° 

l"^ 0.366  0.448  0.573  0.74S  0-8J7 

'•^^ 0-3"  0468  0.577  "-713  "-853 

*^nie  of  the  observed  facts   as   to   the  ionization  of 

strong  electrolytes,    as    summarized    by    Noyes    (Tech- 

8y  Quarterly,  17,  307,   1904;    and  also  in  Carnegie 

"blication  No.  63,  1907)  are  as  follows: 

^Ite  form  of  the  concentration  function  is  independent 
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of  the  nuinber  of  ions  into  which  the  mole  of  salt  disso- 
ciates. Instead  of  being  proportional  for  di-ionic,  tri- 
ionic,  and  tetra-ionic  to  the  square,  cube,  or  fourth 
power  of  the  concentration  of  the  ions,  the  undissociated 
portion  is  approximately  proportional  to  the  3/2  power 
of  that  concentration,  whatever  may  be  the  tjrpe  of  salt. 

The  conductivity  and  freezing-point  depression  of  a 
mixtiire  of  salts  having  an  ion  in  conmion  are  those 
calculated  imder  the  assumption  that  the  degree  of 
ionization  of  each  salt  is  that  which  it  would  have  if 
present  alone  at  such  an  equivalent  concentration  that 
the  concentration  of  either  of  its  ions  were  equal  to  the 
sum  of  the  equivalent  concentrations  of  all  the  positive 
or  negative  ions  present  in  the  mixture.  Suppose  that 
a  mixed  solution  is  o.i  molar  with  respect  to  sodium 
chloride  and  0.2  molar  with  respect  to  sodium  sulphate, 
and  that  it  is  018  molar  with  reference  to  the  positive 
or  negative  ions  of  these  salts.  The  principle  then 
requires  that  the  ionization  of  either  of  these  salts  in 
the  mixture  be  the  same  as  it  is  in  water  alone  when 
its  ionic  concentration  is  0.18  molar.  This  has  been 
proven  conclusively  for  many  mixtures. 

The  decrease  of  ionization  with  increasing  concentra- 
tion is  roughly  constant  in  the  case  of  different  salts  of 
the  same  type. 

The  un-ionized  fraction  of  any  definite  molal  concen- 
tration  is   rouglily   proportional   to   the   product  of  the 
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.ences  of  the  two  ions  in  the  case  of  salts  of  different 
>es.* 

From  these  facts,  together  with  others,  Noyes  (I.e.) 
ncludes  that  the  form  of  union  represented  by  the 
i-ionized  portion  of  a  substance  differs  essentially  from 
dinary  chemical  combination,  it  being  so  much  less 
timate  that  the  ions  still  exhibit  their  characteristic 
'operties,  in  so  far  as  these  are  not  dependent  upon 
eir  existence  as  separate  aggregates.  In  other  words, 
e  law  of  mass  action  is  inapplicable  to  the  relation 
'tween  ionized  and  un-ionized  portions  as   they  exist 

strong  electrolytes,  and  hence  this  is  not  to  be  con- 
lered   as    a   simple  chemical   equilibrium,    for  which, 

we  know,  the  law  of  mass  action  appears  to  hold 
jidly. 

73.  Heat  of  ionization. — By  the  van't  Hoff  equation 
.  269)  it  is  possible  to  calculate  the  heat  of  ionization 
a  substance,  provided  we  know  the  degrees  of  ioniza- 
n,  at  any  one  dilution,  at  two  different  temperatures, 
lis  is  true  not  only  for  those  substances  which  follow 
i  Ostwald  dilution  law,  but  for  all  others  as  well,  accord- 
l  to  Arrhenius  (Zeit.  f.  phys.  Chem.,  4,  96,  1889,  and 
339,  1892).    For  binary  electrolytes  we  have  then 

Kc'^z TTTT   and    Kc= 


(i-ai)r    ^  ^     ^^     (i-a)F' 

'Other  generalizations  of  this  kind  will  be  found  in  CVi^^lei  Y^ 
ler  Electrical  ConductiVit/. 
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where  the  values  of  Ke  are  for  the  same  dilution  and 
represent  the  change  of  ionization,  even  though  the  values 
are  not  the  same  as  at  other  dilutions,     q  is  then  the 
heat  liberated  when  a  mole  of  substance  ionizes  in  solu- 
tion, at  a  temperature  equal  to  the  mean  of  those  at  which 
Ke  and  Kc  are  calculated.    It  will  be  observed  here 
that  these  values  differ  from  those  calculated  from  the 
table  given  on  page  234,  for  these  refer  to  the  heat  of 
formation  of  the  ions  from  substance  already  in  solu- 
tion, while  those  refer  to  the  compound  process  of  solu- 
tion and  ionization,  i.e.,  the  difference  in  energy  betweoi 
the  ionized  state  and  the  solid  or  gaseous  state.     Some 
of   the  results  as  found  by  Arrhenius  are  given  below, 
the  unit  being  the  small  calorie. 

Heats  of  Ionization. 

Substance.                                 Temperature,  Calories. 

Acetic  acid {  ^5^^  _   386 


Propionic  acid I  ^^o  - 

Butyric  acid {  f^^  ^^^ 

Phosphoric  acid <  ^^o  , 


5  183 

935 


( ( 
(( 


2458 

.5  2103 

Hydrofluoric  acid 33°  3549 

Potassium  chloride 35°  362 

iodide **  916 

bromide **  425 

Sodium  chloride "  454 

*'       hydrate "  1292 

*'        acetate "  391 

Hydrochloric  acid **  xo8o 

The  ionization  of  a  substance  in  solution  thus  usua^y 


takes  place  with  an  evolution  of  heat. 


• 
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KT  Evolved  by  the  Completion  of  the  Ionization  (i  mole  in 

200  moles  of  water). 

Substance.                                      Temperature.  Calories. 

Potassium  bromide 35®  58 

iodide **  132 

chloride **  56 

Sodium  hydrate **  180 

"       chloride *'  81 

Hydrochloric  acid *  *  136 

Hydrofluoric  acid 33**  3304 

Phosphoric  acid .- 2i°.5  1682 

\bove  (p.  232)  it  was  noted  that  the  heat  of  neutraliza- 
Q  of  an  acid  by  a  base  is  made  up  of  the  heat  of  asso- 

# 

,tion  of  H*  and  OH'  ions  (137/O  plus  the  heat  of 
sociation  of  the  salt  found  plus  the  sum  of  the  heats 
olved  in  the  completion  of  the  ionizations  of  the  acid 
id  base.  We  are  now  in  the  position  to  test  this  relation 
lantitatively,  for  we  can  now  calculate  the  heats  of 
nization  of  the  acid,  bases,  and  salts.  This  relation 
-n  be  expressed  mathematically  in  the  following  simple 
rm: 

aeut.  =  13700 -"z^aCi  -«3)  +^2(1  -«2)  +^i(i  -oci)  cals., 

ere  the  figures  i,  2,  and  3  refer  respectively  to  acid, 
»e,  and  salt,  and  W:i{i—a^,  the  heat  evolved  by  the 
^ociation  of  the  salt,  is  subtracted  because  its  negative 
Ue  is  equal  to  the  heat  of  association  required  in  the 
2ttion.  The  table  given  below  is  self-explanatory, 
3  certainly  shows  conclusively  that,  as  was  mentioned 
Jore,  the  value  of  the  heat  of  neutralization  of  an  acid 
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by  a  base  cannot  be  considered  as  indicative  of  the  strength 
of  the  acid.  The  two  latter  are  relatively  weak  acids 
and  yet  they  give  rise  to  the  greatest  amount  of  heat. 

Heat  of  Neutralization  of  Acids  with  NaOH. 
(i  mole  of  acid  + 1  mole  of  NaOH +  400  moles  of  H,0.) 

At  35®,  At  ai.s. 

, . ^ 

Calc.  Calc.  Obs. 

HCl , 12867  13447  13740 

HBr 12945  13525  13750 

HNO, 12970  13550  13680 

CHgCOOH 13094  13263  13400 

QH.COOH 13390  13598  13480 

CHCI2COOH 14491  14930  14830 

HaPO^ 14720  14959  14830 

HF* 16184  16320  16270 

We  have  found  thus  that  the  van't  Hoff  equation  can 
be  used  for  the  calculation  of  the  heats  of  dissociation  or 
ionization^  and  also  (pp.  275-276)  for  the  heats  of  solu- 
tioUy  when  the  substance  is  either  completely  ionized  or 
completely  un-ionized.  So  far,  however,  it  has  been 
found  impossible  to  calculate  the  heats  of  solution  of 
substances  which  are  partly  ionized. 

74.  Solubility  or  ionic  product.  —  Although,  as  we 
have  seen,  the  law  of  mass  action  cannot  in  general  be 
applied  to  the  equilibrium  of  the  ionized  and  un-ionized 
portions  of  a  substance  in  solution  (except  to  organic 
acid  and  bases),  it  can  be  applied  with  considerable 
accuracy  to  a  very  large  number  of  saturated  solutions. 


*  For  data   as  to  the  ionization   of  HF,   see  Deussen,  Zeit.  f.  anorg. 
Chem.,  44,  408,  1905. 
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An  example  of  such  an  equilibrium  is  a  saturated  solution 
of  silver  chloride,  which  is  found  to  be  practically  com- 
pletely ionized  according  to  the  scheme 

AgCl-Ag'+CF. 
Applying  the  law  of  mass  action  to  this  we  obtain 


Qj2 


Kc^ciC2,    or    K=  .__^^y, 


when  c  is  the  concentration  of  un-ionized  AgCl,  Ci  that  of 
the  Ag*  ion,  and  C2  that  of  the  CI'  ion.  Since  the  solu- 
tion is  saturated,  the  value  of  c  at  any  temperature  must 
remain  constant,  for  if  the  solution  were  unsaturated, 
solid  would  dissolve,  if  supersaturated,  solid  would  pre- 
cipitate. We  have  then,  at  any  one  temperature,  in  a 
saturated  solution  of  silver  chloride,  the  relation 

Kc  =  constant  «=  C1C2 ; 

i.e.,  in  a  saturated  solution  of  a  binary  electrolyte  {of  this 
kind)  the  product  of  the  concentrations  of  the  ions  must 
remain  constant,  with  unchanged  temperature. 

Expressing    this  in  a  more  general  form,   we    have 
for  the  reaction 

in  a  saturated  solution, 

(25)  ci^K2^^  =  constant  =  ^, 
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where  s  was  called  by  Ostwald  the  sohibilUy  produd 
of  the  substance.  This  solubility  product,  which  may  be 
defined  as  the  greatest  possible  product  of  the  concentra- 
tions of  the  constituent  ions  according  to  (25)  which  can 
exist  at  any  one  temperature,  is  of  paramount  importance 
in  analytical  chemistry,  for  a  precipitate  (when  due  to 
an  ionic  reaction,  and  most  of  them  can  be  shown  to  be  du^ 
to  this)  is  always  and  only  formed  when  Us  solubility 

m 

product  is  exceeded.  This,  of  course,  presupposes  tha^* 
no  supersaturation  phenomenon  is  possible;  if  it  is,  thcB:^ 
the  metastable  limit  (p.  143)  must  first  be  exceedet  — 
Stieglitz  (Jour.  Am.  Chem.  Soc,  30,  946-954,  1908 
points  out  in  this  connection  that  even  if  the  im-ioni 
portion  does  not  remain  constant,  it  is  an  empirical  fact 
that  the  product  of  the  concentrations  of  the  ions  (25),  ih^ 
solubility  product^  is  a  constant,  and  may  be  considereci 
as  empirical. 

Just   as  we  found  a  decrease  in  the  dissociation  o^ 
a  gas  or  an  organic  acid,  by  the  addition  of  one  of  th^ 
products  of  dissociation  from  an  exterior  source,  so  het^ 
the  addition  of  a  substance  with  an  ion  in  common  caus^^ 
the  formation  and  separation  in  the  solid  state  of  tb^ 
un-ionized  substance.     In  other  words,  the  term  s  sti" 
retains  its  constant   value,   and   consequently  .the  cot^^ 
stituent  ions  of  the  substance  unite  to  form  more  of  tb^ 
un-ionized  portion,  which,  since  the  solution  is  already 
saturated  with  it,  separates  out  as  solid.     This  has  been 
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found  to  be  true  by  experiment,  but  only  true  jor  those 
si^stances  -which  are  difficultly  soluble.  The  effect  may 
be  observed  most  easily  by  dissolving  the  difficultly 
soluble  substance  in  a  solution  of  the  salt  with  an  ion 
in  common;  but  it  can  also  be  attained  by  adding  to 
the  saturated  water  solution  of  the  substance  a  strong 
solution  of  the  salt,  when  a  precipitation  of  the  sub- 
stance, usually  in  the  crystalhne  state,  will  be  observed. 
Thus  if  we  add  to  one  portion  of  a  saturated  solution  of 
silver  acetate  a  strong  solution  of  sodium  acetate  contain- 
ing rmoles  of  CH3COO'  ion,  and  the  same  amount  of 
a  solution  of  silver  nitrate  containing  x  moles  of  Ag'  to 
the  liter  to  another  equal  portion,  we  observe  an  equal 
precipitation  of  solid  silver  acetate  in  the  two  solutions. 

Although  all  this  is  true,  as  far  as  the  precipitation 
"s  concerned  for  all  saturated  solutions,  it  is  only  for  the 
™fficultly  soluble  substances  that  the  quantitative  rcla- 
•ions  are  found  to  hold. 

The  examples  below  will  serve  to  show  how  the  solu- 
bility product  of  a  substance  can  be  found,  and  how 
"hen  once  found  can  be  employed  to  foresee  ihe  solubility 
^^  the  substance  in  a  solution  ahiiady  containing  a  com- 
mon ion. 

Silver  broraate  is  soluble  at  25"*  to  the  extent  of  0.0081 
"^oles  per  liter.  Assuming  the  ionization  in  this  state  to 
^  practically  complete,  and  it  certainly  is  nearly  so,  the 
^OQcentratioQ  of  the  ions  Ag'  and  BrOg'  will  be  the  same, 
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and  equal  each  to  0.0081  mole  per  liter.    The  solubility 
product  at  this  temperature,  then,  will  be 


(0.0081)  (0.0081)  ^^AgBrOs. 

The  solubility  in  a  solution  of  silver  nitrate  containing 
0.1  mole  of  Ag*  ion  (or  in  potassium  bromate  containing 
0.1  mole  of  BrOa'  ion)  can  be  found  by  aid  of  the  rela- 
tion 

(0.0081)2  =  (0.0081  +.1  -y)  (0.008 1  —  y), 


and  is  equal  to  (0.0081  —  y),  for  that  is  the  concentration 
of  Ag'  and  BrOa'  ions  now  existing  in  the  solution,  and 
coming  from  the  salt;   the  amount  o.i  of  one  being  due 
to  the  other  salt,  and  y  being  the  AgBrOa  remaining  uti- 
dissolved  owing  to  the  presence  of  this  o.i  mole  of  Ag'  ^^ 

BrOa'. 

This  is  true  for  all  binary  salts  when  they  can  be  ^^ 
sumed  to  be  completely  ionized,  or  practically  so. 

Where  the  substance  dissociates  into  more  than  t^* 
ions  and  can  be  assumed  to  be  completely  ionized,  tl^ 
relation  is  quite  similar.  Suppose  the  salt  to  dissoci^*'^ 
according  to  the  scheme 
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.m 


As  solubility  product  we  shall  have,  if  c  is  the  Kolubllily 
of  the  completely  ionized  salt  MA^f 

CX  (3^)3- 5m  A,, 


or 


for  we  must  have  three  times  the  numUrr  <4  mot'«  j>«r 
liter  of  ^'  as  n?e  ha%'e  of  J/"'  according  to  ll)^;  <}^imlfMl 
equation,  i-e^ 

c^cw     and     yo^Cp^^. 


In  case  of  sothnioD  in  the  prtrwrnc*:  ^jf  c^-i  f?*vk  v/   '^j*: 
of  the  kms.  ^ve  ita'VE:,  iheii. 


-c.:-:i     r/.  -  ^>'^-  -x/-. 


or 


;i;m-  - 


-' "-  -  -y .. 


^    HOC   iht    iEHTir:    j'r 


.-*• 


';     *r'iu>:     -a'- 


^   ^  ■*  •* 
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In  the  case  the  substance  is  not  completely  ionized,  the 
solubility  product  is  not  so  directly  related  to  the  solu- 
bility of  the  substance  as  in  the  above  cases,  i.e.  to  the 
square  in  one  case  and  twenty-seven  times  the  fourth 
power  in  the  other.  Consider  the  case  of  uric  acid, 
which,  at  25°,  is  soluble  to  0.0001506  mole  per  liter,  and 
is  ionized  in  that  condition  to  9.5%  into  H'  and  the 
negative  radical  which  we  shall  designate  as  IT.  The 
solubility  product  here  is  naturally 
(0.0001506X0.095)  (0.0001506X0.095) 

=5hu  =iirHu  (0.0001506X0.905), 

where  we  use  the  5hU)  the  product  of  the  two  constants 
at  this  temperature,  i.e.,  i^nu  times  0.0001506X0.905. 

The  solubility  of  uric  acid  in  a  molar  solution  of  hydro- 
chloric acid,  for  which  a  =0.78  (i.e.,  H'^o.yS,  CI' =0.78), 
is  to  be  found  in  the  following  way : 

(0.0001506X0.095 +0.78 -:x:)(o.oooi  506X0.095  —x) 

=  (o.oooi  506  X  0.095)^ 
where  (0.0001506X0.095— xj  represents  the  present  con- 
centration of  H'  and  U'  from  the  uric  acid,  and  its 
total  solubility  in  the  hydrochloric  acid  solution  is 
(0.0001506X0.905) +  (0.0001 506 X 0.095— :x;),  i-G->  is  equal 
to  the  sum  of  that  which  is  un-ionized  and  that  which  is 
ionized. 

Just  as  for  organic  acids  in  general,  an  infinite  excess 
of  one  of  the  ions  will  cause  the  ionization  of  the  sub- 
stance to  become  zero.  //  is  to  be  observed  here,  however, 
that  this  excess  will  only  cause  tHe  solubilit'^  to  become  zero 
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in  the  case  that  the  ionization  is  compete.  In  the  case  of 
uric  acid,  an  infinite  amount  of  H'  or  U'  at  best  can  only 
reduce  the  solubility  by  9.5%,  the  remaining  90.5% 
being  un-ionized  and  not  affected  at  that  temperature  by 
any  addition  of  substance  which  does  not  react  chem- 
ically with  it. 

That  a  substp-nce  is  always  decreased  in  solubility  by 
the  addition  of  a  substance  with  an  ion  in  common  is 
not  true,  as  the  well-known  behavior  of  silver  cyanide  in 
potassium  cyanide  will  show.  In  all  such  cases,  however, 
the  equilibrium  which  has  previously  existed  is  altered 
in  some  way,  so  that  the  relations  are  not  the  same. 
These  cases  are  usually  characterized  by  the  formation  of 
a  complex  ion,  the  product  of  which  is  exceeded.  The 
removal  of  the  ions  to  form  this  complex  ion  disturbs 
the  equilibrium  of  the  dijfficultly  soluble  salt;  the  un-ionized 
portion  ionizes  further,  and  its  loss  is  replaced  by  the 
solid  phase.  This  process  continues,  dissolving  new  salt, 
until  equilibriimi  is  attained,  i.e.,  until  the  solubility 
product,  whatever  it  may  be,  is  just  satisfied,  when 
solution  ceases.  The  ionization  of  silver  potassium 
cyanide  takes  place  almost  completely  according  to  the 
scheme 

KAgCN2  =  K-+AgCN2', 

but  it  has  been  found  by  Morgan  (Zeit.  f.  phys.  Chem.,  17, 
513-535,  1895)  that  in  a  0.05  molar  solution  we  have  Ag' 
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where  the  value  of  s,  in  each  case,  is  equal  to  55.5  times 

the  value  oiKo=-, vF?,  V  being  0.0018  liter,  i.e.,  the 

(i—a)V 

volume  occupied  by  the  formula  weight,  18  grams,  of 
water. 

Knowing  the  solubiUty  products  of  two  substances 
with  an  ion  in  common,  it  is  possible  to  find  how  much 
of  each  will  dissolve  when  they  are  exposed  together 
to  the  action  of  a  solvent;  and  this,  of  course,  may  be 
expanded  to  three  or  more  substances  together. 

Assume  we  have  the  two  completely  ionized,  diffi- 
cultly soluble  salts  MA  and  MAi,  with  the  ion  M*  in 
common,  and  that  they  are  dissolved  simultaneously 
in  water.  Call  the  amount  of  MA  which  dissolves  Xj 
and  the  amount  of  MA  1  y.  In  the  solution  then  we  must 
have  x-\-y  moles  of  M'  ion,  x  of  A^  and  y  of  Ai;  and, 
if  s  is  the  solubility  product  of  MA  and  Si  that  of  MAiy 
the  relations  must  be 

x{x-\-y)  =  s, 
y{x-\-y)  =  Si, 

so  that   by  solving  the  simultaneous  equations  we  can 
find  X  and  y.     Naturally,  if  the  ionization  is  not  complete 
we  must  still  represent  the  ionized  portion  by  x  and  /» 
and   then   after   fmding  the  degree  of  ionization  when 
mixed,   if  that   is  possible,   we  can  calculate  the  total 
amount  of  each  dissolved. 
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An  example  of  this  is  given  by  dissolving  thallium 
loride  and  sulphocyanate    together.     Thfe  solubilities 

water,  each   for  itself,  are  TlCl  =  0.0161  and  TISCN 
0.0149.    Assuming    complete    ionization,     the    solu- 
ity  products  are  respectively  (0.0161)2  and  (0.0149)^ 
d  if  X  represents  the  amount  of  chloride  and  y  that 

sulphocyanate  dissolving  from  the  mixture,  we  have 
f>'=Tr,  x=^CY,  and  )^  =  SCN',  and 

x{x-\-y)={o,oi6iY, 

y(^+>')= (0.0149)2, 

om  which  we  find  :v=o.oii8  and  y  =  0.0101,   while 

e  values    :v=o.oii9    and    y  =  0.0107    are    found    by 

periment. 

It  will  be  observed  that  in  the  above  examples,  except 

e  last,  we  have  tacitly  assumed  that  the  dissociation 

the  added  salt,  with  an  ion  in  common,  is  not  influenced 
'  the  ions  of  the  diflScultly  soluble  salt.     As  a  rule  this 

true,  for  the  substances  are  so  insoluble  that  their 
feet  is  infinitesimal;  in  the  last  example,  this  eflFect 
is  been  allowed  for,  however,  and  will  show  the  method 
^  treating  such  cases. 

^^  general,  then,  we  can  conclude  jor  difficultly  soluble 
^Its  [and  for  complex  ions)  that  they  are  precipitated 
ortned)  when  the  product  of  the  concentrations  of  the  ions 
^posing    them   exceeds  the  solubility    {ionic)    product. 
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Although  this  law  holds  in  general  for  diflScultly  soluble 
salts,  isolated  cases  are  to  be  found  where  the  un-ionized 
portion  does  not  remain  rigidly  constant,  after  the  addi- 
tion of  an  ion  in  common;  and,  to  a  smaller  extent,  a 
slight  variation  is  sometimes  observed  in  the  solubility 
product.  Since  these  cases  are  very  few,  and  are  usually 
observed  for  the  more  soluble  salts,  it  would  seem  prob- 
able that  they  are  due  to  secondary  reactions  not  yet 
recognized,  or  to  others  not  properly  accounted  for. 

75.  Hydrolytic  dissociation.    Hydrolysis. — ^Hydrolysis 
is  the  process  taking  place  in  the  water  solution  of  a 

salt^  which  causes  the  solution  to  appear  alkaline  or  acid, 

or  results  in  a  neutral  equilibrium  according,  for  exam- 
ple, to  the  scheme 

MA+H20=M0H+HA. 

If  the  acid  formed  is  insoluble  or  un-ionized,  the  base 
being  ionized,  the  reaction  will  be  alkaline  (OH'  ion). 
When  the  base  is  insoluble  or  un-ionized,  and  the  acid 
ionized,  the  reaction  is  acid  (H*  ion).  And  finally, 
if  both  acid  and  base  are  insoluble  or  un-ionized,  the  \ 
salt  will  be  completely  transformed  into  base  and  acid, 
and,  as  there  will  remain  no  excess  of  either  H"  or  Oli' 
ion,  the  reaction  will  be  neutral.  In  other  words,  thetXi 
hydrolysis  is  due  to  the  removal  of  either  H*  or  OH'  io* 
(or  both)  from  the  water  by  the  A'  or  M*  ion  of  tti^ 
salt,  to  form  un-ionized  or  insoluble  substances,  and  tt^i^ 
continually  causes  more  water  to  ionize,  i.e.,  to  reax:/ 
with  the  salt  until  a  state  of  equilibrium  is  attained. 


CHEMICAL  CHANGE.  343 

I  Examples  of  this  process  are  most  common.  For 
instance,  all  mercury,  copper,  zinc,  etc.,  salts  are  acid, 
for  an  unionized  basic  substance  is  formed  by  the  reac- 
tion leaving  free,  ionized  acid;  and  potassium  cyanide 
is  alkaline,  owing  to  the  formation  of  un-ionized  hydro- 
cyanic acid  and  ionized  potassium  hydrate.  The  most 
striking  example  of  this  process,  perhaps,  is  the  precipi- 
lalion  of  bismuth  oxychloride  when  water  is  added  to  a 
hydrochloric  acid  solution  of  (he  .chloride,  but  the  basic 
acelaie  separation  of  iron  is  just  as  characteristic,  although 
spparently  not  so  direct. 

Since  we  know  the  conditions  under  which  insoluble 
or  un-ionized  substances  will  form,  i.e.,  by  the  exceeding 
of  iheir  solubility  products  or  analogous  values,  it  is 
possible  to  find  the  conditions  necessary  to  produce  a 
hydrolytic  dissociation,  and  also  to  find  the  relations 
governing  the  equilibrium  finally  attained  as  the  result 
of  the  process. 

We  recognize  at  once  that  if  the  product  of  the  con- 
centrations of  M'  and  OH'  ions  is  larger  than  that  which 
can  exist  in  pure  water,  un-ionized  substance  must  form, 
"y  this  formation,  however,  the  equilibrium  of  H'  and 
OH'  ions  will  be  disturbed,  and  a  further  ionization  of 
"'aler  must  take  place,  until  at  length  the  ionic  product 
■5  just  attained.  If  the  H'  and  A'  ions  at  this  point  do 
'^01  unite  to  form  unionized  acid,  the  further  ionization 
of  water  will  be  unlike  what  it  would  be  in  the  absence 


n 
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of  this  excess  of  H*   ion,    for,  since  ^h-Xcoh'  must  at 
the  same  time  be  equal  to  ^HsQ,  we  can  only  have  — ' 

moles   per  liter  of    OH'    ion  present,  when  Ch-  is  the 
total  concentration  of  H'   ion   at  that  time. 

The  process  due  to  the  formation  of  un-ionized  or 
iasolublc  acid,  when  no  un-ionized  base  is  foraied,  or 
forms  but  slightly,  is  exactly  analogous  to  the  above. 
In  both  cases  water  is  decomposed,  owing  to  the  removal 
of  one  of  its  ions,  and  the  further  ionization  of  water  and 
formation  of  the  insoluble  or  un-ionized  base  or  add 
continues  until  the  equations  for  equilibrium  are  fulfiBei 

For  the  sake  of  simplicity  we  shall  consider  separate^ 
the  cases  that  the  reaction  is  caused  primarily  by  the 
base,  primarily  by  the  acid,  or  by  both  base  and  acid. 

Case  I.  The  formation  of  un-ionized  or  insoluble  h0 
is  the  direct  cause  of  the  hydrolytic  dissociation ,  and  tk 
acid  formed  is  largely  ionized.  By  definition,  here, 
hydrolysis,  which  may  occur  according  to  one  of  the 
three  typical  equations,* 

(a)  MA  +  H20=M0H-hHA, 

{b)  MA2  +  2H2O  =M(0H)2  +  2HA, 

{c)  MA3  +  3H20=M(OH)3+3HA, 


♦  The  reader  can  calculate  for  himself,  after  studying  the  following 
pages,  the  changes  that  would  be  caused  if  the  negative  radical  A  were 
di-  or  trivalent.  See  also  Hill,  Trans.  Chem.  See.,  89,  1273-1289, 
1906. 
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St  occur  until  the  product — depending  upon  the 
^nce  of  the  positive  ion  of  the  salt — 

^M-X^OIT; 
Cyi-XC^OYL'y 

greater  than  that  which  can  exist  in  the  absence  of 
ionized  base,  for  then  un-ionized  base  must  form, 
d  the  formation  of  base  (and  acid)  must  continue 
:il  equilibrirm  is  established  in  the  solution ^  i.e.,  until 
:  condition,  for  (a),  (6),  or  (c), 

final   Cm- X  final  Cqh'     =^moh   X^^moh  formed, 

final  Cm- X (final  CqhO^  =^m(oh)2Xcm(oh),  formed, 

final  Cm -X  (final  CohO^=^M(OH)3Xcm(oh),  formed, 

fulfiUed. 

tn  case  the  base  formed  is  difl&cultly  soluble,  since  the 
terion  of  equilibrium  holds  for  the  substance  in  solu- 
n,  i.e.,  for  a  homogeneous  equilibrium,  the  above  con- 
ions  would  naturally  simplify  to  the  following: 

final    Cm-  X  final  cqw     =  "^moh, 
final  Cm  X  (final  cohO^='^m(oh)„ 
final  Cm  "X  (final  CohO^=%(OH)«i 
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the  excess  of  un-ionized  base  formed  separating  out  as 
a  solid,  leaving  the  concentration  in  solution  constant. 

In  addition  to  the  above  equilibria  in  the  solution, 
we  must  also  klways  have  the  condition 

fulfilled.  Hence  it  is  evident  that  the  final  concentration 
of  OH'  ion  can  always  be  readily  found  by  dividing  s^^^ 
at  the  temperature  in  question,  by  the  final  concentration 
of  H*  ion,  which  is  dependent  only  upon  the  extent  of 
the  hydrolysis,  i.e.,  of  the  reaction,  and  the  ionization 
of  the  acid  at  the  concentration  to  which  it  is  formed. 

If  we  designate  by  a  the  percentage  of  salt  hydrolyzed, 
i.e.,  the  percentage  of  the  salt  decomposed  according  to 
the  chemical  reaction,  by  d^  the  ionization  of  the  salt 
left,  and  by  d^  the  ionization  of  the  acid,  i.e.,  the  frac- 
tion of  the  acid  formed  which  remains  ionized,  the  final 
concentration  of  M',  M",  or  M*"  ion,  from  an  original 

concentration  of  salt  of  i  mole  in  V  liters,  will  be  -^^^ —^ 

and  that  of  the  un-ionized  base,  which  causes  the  reac- 

tion,  will  be  7^.     The  total  acid  formed  will  be  y  for  (a), 


y  for  (6),  and  y 


-P7  for  (6),  and  -^  for  (c),  the  concentration  of  H*  ion 


.1     ^A<^      2d^a  ^d^a 

bemg  respectively    vp-j  — tt—i  and  > 
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We  have,  then,  substituting  these  values  in  the  above 
conditions  of  equilibrium,  when  the  base  is  not  difficultly 
soluble, 

d,(i  -a)  5h,0       rr        « 


^AT. 


V 


rf,(i  -a)  ^  5h,o  ,  ^     jsr  a 

=AM(0H)tt? 


\2^aW 


\3^At7/ 


and  when  the  base  is  difficultly  soluble,  i.e.,  when  the 
solubility  product  may  be  substituted  for  the  product 
of  ionization  constant  and  un-ionized  base, 


--pT— — =%0H, 

»AT7 


y / r»    ='yM(OH)tf 


' ^    =%(OH)i» 


(5) 
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By  simplification  these  six  conditions  become 

when  the  base  MOH 
^^^y^'   is  soluble 


when  the  base  MOH 
=  Ahyd.  is  difficultly  soluble. 


(I 

a^       dK 
-a)V  d' 

^HjO 
-'^MOH 

or 

a       d^ 

^H«0 

(I 

-a)  d'     %oH 

4«'       d,,^ 

•       s^n^ 

(I 

-a)V^    d. 

-K'mcoh)* 

or 

4«2         rfA^ 

^^H,0 

(a) 


(l-a)y      d,        ^M(OH), 

and 


when       the       base 
=  ^hyd.   M(OH)2  is  soluble 

when       the       base 

=  iS:hyd.   M(0H)2    is    diffi- 
cultly soluble 


(J) 


27a*      dp^       ^^H-o    __  jrr      when       the       base 
(i-a)F3X^:^ii^,  "    *^'^^-    M(0H)2  is  soluble 

^  o        ,0        o  when       the       base 

7rvi72-T-  =  7-^^^    =^hyd.   M(0H)3    is    diffi- 

cultly  soluble 


w 


In  other  words,  the  constant  of  a  hydrolytic  dissociation 
which  is  caused  by  the  formation  of  base  can  be  found 
from  the  ionic  product  of  water  and  either  the  ionization 
constant  or  the  solubility  product  of  the  base  which  is  the 
cause  of  the  hydrolytic  dissociation. 

It  will  be  observed  that  the  variation  of  the  hydro- 
lytic dissociation  with  the  dilution  depends  upon 
whether  the  base  causing  it  is  difficultly  soluble  or  not 
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Thus  when  i  mole  of  sail  reacts  with  1  mole  of  water, 
(u),  'f  ike  base  is  difficultly  soluble  the  extent  of  hydrolysis 
K  independent  of  the  dilution  of  the  salt,  while  when  the 
base  is  soluble  the  hydrolysis  depends  upon  the  dilution. 
It  must  be  remembered  here,  however,  that  even  when 
the  salt  is  difficultly  soluble,  the  hydrolytic  dissociation 
and  its  relation  to  dilution  will  be  the  same  as  for  a 
soluble  base  up  to  the  value  that  would  cause  a  separa- 
tion of  solid  base. 

When  the  hydrolysis  is  small,  i.e.,  i— a  is  practically 
I,  and  d  and  d,  are  also  equal  to  i,  it  will  be  seen  that 
for  (o),  (6),  and  {c),for  a  soluble  base  that  the  hydrolytic 
dissociation  will  vary  as  the  "^V,  vV^,  and  Vv^;  while 
when  the  base  is  difficultly  soluble  the  hydrolysis  will 
be  independent  of  the  dilution  for  (a)  and  will  vary  as 
Vr  and  f^V^  for  (b)  and  (c). 

Case  II.  The  formation  of  un-ionized,  or  unsoluble, 
acid  is  the  direct  cause  of  the  hydrolytic  dissociation,  and 
the  base  formed  is.  largely  ionised.  Here,  by  definition, 
hydrolysis,  which  may  occur  in  one  of  the  three  forms 
(a),  (&),  and  (c),  already  mentioned,  according  as  the 
valence  of  the  positive  ion  of  the  salt  is  mono-,  di-,  or 
trivaJent,  must  in  all  cases  occur  when  the  product, 
in  the  solution, 

is  greater  than  that  which  can  exist  in  the  absence  of  un- 


3SO 
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ionized  add,  for  then  unrionized  add  must  form.  And 
the  formaition  of  add  (and  base)  must  continue  imtil 
the  condition, 

final  ^A'Xfinal  ch*  ""^haXcha  formed 

is  fulfilled.  Or  until  the  conditioni  when  the  add  is 
difficuldy  solubki 


final  CA'Xfinal  Ch^-^^ha 


is  fulfilled. 


^JOiO 


Since  the  final  Ch-  is  equal  to  ^f*^ — ,  when  d^  is 

the  ionization  of  the  amount  of  base  formed^  a  is  the 
percentage  of  hydrolytic  dissodation,  and  ^  is  the 
ionization  of  the  salt  left,  we  have,  as  before. 


a 


dg{i  —  ck)  ^ 

final  Ca'™ — y — f    final  coH'=rfBTp 


(or 


2dB0L  3^\ 


,  and 


final  <:HA-p?(< 


2a         2a 


) 


the  conditions  for  (a)^  (b),  and  (<c;),  when  the  add  is 
soluble,  are  respectively, 


^B' 


a 

m 

V 
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t^S=^HAXy> 


or 

d,{i-ix)  5h,o      ^     ^3a. 


and  when  the  acid  is  diflBcultly  soluble  and  its  solubility 
product  is  5ha> 

ds{i'-a)S]i,o 

V  d^a  ^'^^ 

V 

<^a(l  -(X)    Su,0  _ 

V  2d^a  ~'^^^' 

F 
or 

^ir(l  -«)   ^H.O   _ 


These  by  simplijScation  become,  for  a  soluble  acid, 
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and 

^'^  (i-«)F'd,""ii:HA""^^^-" 

and  for  difficultly  soluble  acids  to 

,  V  Q^      ^B      ^H.O      i^ 

I— a  a,      Jha 


(6) 

2«        ^B      ^HK)       ]|^ 

(i-«)  rf.     ^ha"^*"''*' 

3«       ^B     5h.o      p. 

(l-«)    d.  -  .HA  ~'^'""' 

where  in  all  cases  the  extent  of  the  hydrolytic  dissociation 
is  independent  of  the  dilution  of  the  salt. 

In  case  the  reaction  is  M2A  +  2H20=2MOH  +  H2A, 
where  H2A  is  slightly  ionized  or  slightly  soluble,  and 
MOH  is  largely  ionized  the  same  result  will  be  found 
as  (6)  under  Case  i,  if  we  substitute  d^  for  rf^j  a,nd  K^^^ 
or  5h,a  for  /Tmcoh),  and  5McoH)a,  le.,  it  will  be 

^hyd.  for  a  soluble  acid, 


and 

■  I  ■     ■  s        ^  ■      I       '       ■  ■    ■ 

(i-a)F     ds       Su,A 


=  ifhyd.  for  a  diflficultly  soluble  acid. 


Case  III.    Tlie  formation  of  both  un-ionized  acid  and 
un-ionized  base  causes  the  hydrolytic  dissociationy    both 
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"«  but  slighlly  ionized.  This  case  falls  under  one  or 
Me  other  of  those  above,  according  as  the  base  or  acid 
ills  the  smaller  ionization  constant  or  solubility  product. 
Although  the  mechanism  of  the  reaction   is   the   same 

iere  as  above,  the  fmal  result  is  quite  different, 
Assume  that  K^x  is  smaller  than  -^^moh-     Since  the 

final  coH'  is  equal  to  ^"°"^""",  and  if  both  MOH  and' 
Cm 

HA  are  slightly  ionized  we  shall  have,  practically^ 
'^moh='"ha  =  t7  and  c„,=ca'  =  -^— n — -  Consequently 
just  as  with  (a),  Case  II,  we  must  have 

y  a^     ^'^     V' 

^VLOa'y 

V 


which  when  simplified  gives 


(i-a)2"<f,^     KhaXXm. 


-'fhyd.j 


the  hydrolytic  dissociation  of  a  sail  reacting  -with  1  mole 
of  ■water  to  form  a  dighlly  ionized  acid  and  a  slightly 
ionized  base  is  independent  of  the  dilution,  so  long  as 
t/te  salt  is  completely  ionized;  and  the  constant  of  hydro- 
lytic dissociation  is  equal  to  Ike  ionic  product  for  water 
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divided  by  the  product  of  the  ionization  constants  o]  th^    |^^ 
cu:id  and  base. 

When  the  salt  reacts  with  2  or  more  moles  of  water  th^ 
hydrvlytic  dissociation  is  also  i7idependent  of  the  dUutiofi'i 
so  long  as  the  salt  is  completely  ionized.     The  value  o^ 
the  constant  for  2  moles  (b)  can  be  readily  shown  to  be 

4«^         I  ^^H-O 


(l-«)3^,3       ii:2„^Xii:M(OH)/ 

and  for  other  forms  of  the  reaction  it  may  also  be  fouX^^ 
without  difficulty. 

Here  it  is  not  difficult  to  see  that  if  both  base  aJ3.d 
acid  are  difficultly  soluble,  the  reaction  will  be  corXi' 
plete  at  all  dilutions,  and  the  same  result  will  be  obtain  ^^ 
if  one  is  insoluble  and  the  other  but  slightly  ionize^ - 
The  latter  case  is  to  be  observed  in  the  well-known  ba^i^ 
acetate  separation,  where  the  ferric  hydroxide  is  difl^' 
cultly  soluble  and  the  already  small  ionization  of  the  aceti^ 
acid  formed  is  depressed  by  the  presence  of  sodiii^^ 
::cetate. 

It  will  be  seen  from  the  above  that  from  the  law  ^^ 
mass  action  it  is  possible  to  find  an  expression  for  tt>-^ 
equilibrium  that  must  be  established  as  the  result  of  ^ 
hydrolytic  dissociation,  whether  taking  place  with  ol^^ 
or  more  moles  of  water,  and  forming  un-ionized  or  ix^' 
soluble  base  and  acid,  or  both.  The  first  form  of  tb^ 
expression    is    the    more   valuable   for    many   purposes^      i 
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though  the  latter  (i^hyd.)  is  useful  as  connecting  directly 
the  degree  of  hydrolytic  dissociation  and  the  dilution  of 
the  salt  solution.  The  reader  is  advised  to  pay  especial 
attention  to  the  first  form  throughout,  and  especially  to 
its  very  simple  and  logical  derivation,  for  from  that, 
if  necessary,  he  can  always  derive  the  second  form, 
instead  of  attempting  to  burden  his  memory  with  it. 

Naturally,  just  as  on  pages  250  and  302,  so  long  as  rf„ 
^A.,  or  d^,  are  equal  to  i,  we  may  define  K,  the  hydrolytic 
c^i^istant,  for  a  reaction  involving  i  mole  of  water  as 
^xial  to  1/2  the  concentration  in  moles  per  liter  at  which 
^^  salt  is  50%  hydrolyzed.  And  it  is  also  evident  that 
lowing  the  constant  for  hydrolytic  dissociation,  we  can 
calculate  the  degree  of  hydrolysis  for  any  dilution,  so 
loixg  as  rf„  ^Bi  or  d^  are  equal  to  i. 

I^rom  hydroljrtic  dissociation,  determined  according 
^^  the  methods  given  later,  it  is  possible  for  us  to  find 
"^^  ionization  constant  or  solubility  product  of  the  acid 
^  "base  causing  it,  or  when  that  is  already  known,  to 
fi^<3  the  ionic  product  of  water. 

AAQiat  is  the  ionic  product  of  water  at  25°?    A  o.i 

^^^lar  solution  of  sodium  acetate  is  0.008%  hydrolyzed. 

"-^re  we  may  regard  the  sodium  acetate  as  practically 

c^xxipletely  ionized,  as  will  also  be  the  sodium  hydroxide 

i^irxned,  and  we  know  that  the  constant  of  ionization  of 

^^^tic  acid  at  25°  is  0.000018.    It  is  evident  here,  from 

tJxe  reaction 
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CHaCOO'  +  Na'+HzO 

=xN2i'  +  xOW  +  (i  -:v)CH3COO' + .rCHaCOOH, 

where  x^^o.i  X 0.00008,  that 

^CHaCOOH  =^0H'  =O.OOOo8XO.I  =O.OOOOo8 

mole  per  liter  at  equilibrium, 
and  since 

^CHiCOO'  =0.1  —  (0.00008  Xo.i)  =0.1,  practically, 

and 

0.000018 Xcchk:;ooh  =^h  XccHaCOo'j 

0.000018X0.000008  - 

^H-  = =  1.44  X 10""", 

0.1 

and 

I.44XIO~®Xo.ooooo8=CH•X^OH'  =  I.2IXIo■'^^ 

i.e.,  the  ionizatioaof  water  (where  H*=OH')  is  such  that 
H-=OH'  =  \/i. 21X10-^'*  at  25°. 

What  is  the  hydrolysis  of  a  o.i  molar  solution  01 
potassium  cyanide  (assuming  ds  =  i)?  K  for  HCN  is 
13X10"^^,  and  5h20  =  (o.9iXio~'^)2  at  25°. 


a2  (0.91  X 10    '^)2 

^^^-  ^ {i-a)V ^     13X10-10 


) 


from  which,  since  ^b  is  plainly  i  and  F  =  io,  we  6^^ 
a  =0.00798;  i.e.,  KCNw/'io  is  0.8%  hydrolyzed  forming 
OH'  and  HCN. 
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[n  such  a  case  as  the  above,  where  a  is  so  small  that 
a  is  practically  equal  to  i,  the  equation  reduces  to 
^  =a^,  or  a^^VKi^y^Vy  just  as  on  page  313.  In 
er  words,  for  the  same  substance  the  hydrolytic 
sociation,  being  small,  is  proportional  to  VF  or  to 


-t  will  be  noted  in  all  cases  of  hydrolytic  dissociation 
.t  since  the  ionization  of  water  increases  with  increased 
iperature,  up  to  a  certain  point,  page  339,  and  the 
ization  of  dissolved  substances  decreases  with  in- 
ased  temperature,  the  degree  of  hydrolytic  dissociation 
reases  with  the  temperature.  Thus  for  acetic  acid, 
8=I8.3XIO"^  2^1000  =  1 1.4 XIo■"^  i^^l56''  =  5•6XIO"^ 
I  ^K^2i8°  =  i-9Xio~^  while  for  ammonium  hydrate 
Jo=I7.IXIO"^  2^1000=14X10"^  and  iri56o=6.6Xio~^ 
cnparing  these  with  the  values  ^HjO  for  the  various 
iperatures  (page  339)  shows  that  the  hydrolysis  of 
monium  acetate  (Case  III)  must  increase  decidedly 
h  the  temperature.  And  the  same  is  true  for  all 
er  cases. 

XX  the  table  below  are  given  the  values  of  7 rvr  for 

°  (i—a)V 

ious  equilibria  in  which  but  i  mole  of  water  reacts 

h  the   substance,   the   base   causing   the    hydrolysis 

asel). 


\ 
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Hydrolysis  of  Hydrochlorides  at  25®. 

B^  Hv^mWriLt  «'  Ionization  Cons*^^ 

^^'  Hydro^yasat        (73^-  of  Free  Base^ 

Aniline 2.7  2.25X10"'  5.3  Xio"*- 

o-Toluidine 7.0  i . 62 X  io~*  7 •  3  X lo"''  ^' 

m-       **        3.6  4.ioXio~'  2.9  Xio"'^^ 

p-       "        1.8  1.05X10-'  I.I3XI0-* 

o-Nitroaniline 98. 6  2.1  5-6X  lo""" 

m-         **  26.6  3.01X10"'  4.0  Xio"*"^ 

p-         '*  79.6  9.58X10"*  1.24X10"^^ 

Aminoazobenzene 18. i  1.25X10"*  9.5  Xio"*^^ 

Urea 0.781  1.5  Xio"*^^ 

An  example  of  Case  I,  where  the  salt  reacts  v^rith 
2  moles  of  water,  is  the  hydrolysis  of  aluminum  chloride 
according  to  the  reaction, 

AICI3  +  2H2O  =  A1(0H)2C1  +  2HCI, 
This  has  been  investigated  by  Kullgren   (Om  metalls- 
alters    hydrolys,    page    108.     Dissertation.     Stockholxa* 
1904).     The  following  results  will  show  how  well  this 
equilibrium  follows  the  above  law,  and  how  it  is  possible 
to  find  the  ionization  constant  by  aid  of  the  hydrolyti^ 
dissociation,  knowing  the  ionic  product  for  water  at  th.^^ 
temperature. 

Hydrolysis  of  AlCl,  at  icx>°  C. 
A1C1,+  2H,0= AI(OH)2CI+  2H-  +  2CI'. 

V  a  ^A  ^S  7 ^^2      ^hyd.-,     ''\\ri--7r^ 

(l— a)F2  •"  (i-a)K*      ^S 

96        0.1488         0.966         0.76         42oXio~'  5i6Xio~* 

384  0.3629  0.977  0.85  509X10-'  571X10-* 

1536        0.7142         I  0.91         54iXio-»  594X10-' 

Average,  i^hyd.  =  560  X  iQ-' 

The  concentrations  of  base  in  the  three  cases  are  0.001 5 5' 
0.000945  and  0.000465,  respectively,  the  acid  concen- 
trations being  twice  these  values.     The  average  value  of 
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IChjA  in   the    las   coluinn   may   be  lised   10  determine 

^AiiOHtO-   ior    -^ '■ —  =  4_ in"jr-     ^'^   obuun 


in  this  way  (according  10  K-uDgren)  the  value  S'jii(OH),a  "- 
2.33X10"",  where  the  ionization,  presumably,  gives 
AlCl-  and  2OH'. 

'n(N03)3,  according  to  Spenrer  and  Abegg  (Zeit.  f. 
anoi^.  Chem.,  44,  397,  1905I,  seems  to  react  directly 
with  3  moles  of  water,  Tl(OH)3  having  a  solubib'ty 
equa]  to  io~'^'^  moles  per  liter,  i.e.,  s  =  io~^^-^^  and 
so  is  an  illustration  of  Case  I,  where  the  formation  of 
insoluble  M(OH)3  is  the  primary-  cause  of  the  hydrolysis. 
Unfortunately  the  actual  degrees  of  hydrolysis  have  not 
been  determined,  but  simply  the  fact  that  the  reaction 
goes  in  this  way. 

Examples  of  Case  II,  where  the  hydrolytic  dissocia- 
tion is  due  primarily  lo  the  acid  are  the  hydrolysis  of 
potassium  cyanide,   sodium   acetate,   sodium  carbonate, 
_^iebarium  salt  of  hydrosyazobcnzene,  etc. 
Percent AOE  or  Hydbolysis. 
Basalt  "/  hydroxyaiobemene. 


% 


Sodium  Aceialc. 


360  ELEMENTS  OF  PHYSICAL  CHEMISTRY, 


Sodium  Carbonate, 

V 

t                         % 

5 

25**                     2.12 

10 

25^                    3.17 

30 

25^                    4.87 

40 

2f                              7.10 

Potassium  Phenaie. 

10 

25°                    3.05 

50 

71°                    6.65 

•i^hyd.* 


Borax, 
32  25**  0-92  — 

Examples  of  Case  III,  where  both  acid  and  base  are 
but  slightly  ionized,  and  a  for  the  reaction  with  i  mole 
of  water  is  independent  of  the  dilution,  so  long  as  the 
ionization  of  the  salt  is  complete,  are  solutions  of  am- 
monium acetate,  ammonium  borate,  aniline  acetate. 


Aniline  Acetate, 

V 

/ 

a 

d. 

39.32 

195-9 

15° 

0-457 
0.468 

0.869 
0.95 

39-32 

25" 

0.513 

0.873 

195-9 

0-523 

0-953 

39-32 

400 

0.590 

0.878 

195.9 

0-595 

0-959 

Ammonium  Borate, 

Khyd  = 

\i-a'ds/      KuK^^^^ 

46.46 
92.92 

15° 

0-390 
0  394 

0.880 
0,944 

0.528 
0.508 

46.46 
92.92 

25° 

0.458 
0.462 

0.885 
0.919 

0.912 
0.875 

46.46 
92.92 

40° 

0-556 
0.560 

0.894 
0.956 

1. 961 
1.883 
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Ammonium  Acetate, 

t 

a 

d. 

100** 

0.046 

— 

IOO« 

0.048 

— 

156^ 

0.1797 

— 

156^ 

0.1860    . 

— 

2l8<» 

0.526 

— 

2l8*> 

0-532 

— 

3o6« 

0-913 

— 

306^ 

0.915 

— 

s  must  now  consider,  very  briefly,  the  methods  by 
h  the  degree  of  hydrolytic  dissociation  can  be  experi- 
:ally  determined.  It  is  obvious  from  what  has 
dy  been  said,  that  the  determination  of  the  concen- 
3n  of  any  one  of  the  reacting  constituents,  together 
the  chemical  reaction,  will  give  us  a  complete  view 
le  equilibrium. 

le  general  methods  so  far  used  for  this   purpose 
IS  follows: 

)  The  free  acid  (H*)  or  free  base  (OHO  is  measured 
bservations  of  the  velocity  of  the  inversion  of  sugar 
cx)°,  or  the  hydrolysis  of  esters,  as  was  described 
e  (page  286)  (Walker,  Zeit.  f.  phys.  Chem.,  4,  319, 
1;  Shields,  ibid,,  12,  167,  1893). 
)  The  determination  of  the  ionized  portion  by  means 
>nductivity  observations  (see  Chapter  IX). 
>r  details  as  to  these  methods  see  Ley  (Zeit.  f.  phys. 
'^•j  30?    i93>    1899),    Goodwin^  ihid.^   21,    i,    1896, 
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Kullgren  (I.  c),  Liind^n  (Jour.  chim.  Phys.,  5,  145,  and 
574,  1907),  and  Noyes  (Carnegie  Pub.  No.  63,  1907). 

When  one  of  the  active  constituents  is  colored,  the 
reaction  may  also  be  followed  by  aid  of  spectro-photo- 
metric  observations,  as  shown  by  Moore  (Phys.  Rev.,  12, 
151-176,    1900),   but,   naturally,   this  method  is  much. 
limited  in  its  applicability. 

Other  methods  are  based  on  the  determination  of  tlxe 
concentration  of  H*  by  electromotive  force  measurements. 
(Denham,  Trans.  Chem.  Soc.,  93,  41,  1908)  on  tt».« 
mobility  of  the  ions  (Denison  and  Steele,  Trans.  Chei 
Soc,  89-90,  999,  1368,  1906);  on  the  distillation  of  sy 
tcms  where  the  hydrolysis  is  due  to  a  volatile  constituer^»-t 
(Veley,  Trans.  Chem.  Soc,  87,  26,  1905);  Hill,  iU^^) 
90,  1273,  1906;  Naumann  and  Riicker,  J.  f.  prat* 
Chem.,  74,  249,  1906;  and  Naumann  and  Miiller,  ite^- 
74,  218,  1906). 

One  method,  which  can  be  used  for  salts  of  weak  aci(B^  - 
with  strong  bases,  or  salts  of  weak  bases  with  stron  ^ 
acids,  has  been  suggested  by  Farmer  (Trans.  Che 
vSoc,  79,  863,  1901,  and  ihid.y  85,  1713,  1904),  whic 
owing  to  the  importance  of  the  principle  involved,  ?  - 
briefly  considered  below.  The  method  is  based  upo 
I  he  coefficient  of  distribution  of  a  substance  betwee 
^vater  and  another  solvent,  ether,  (p.  268). 

Let   the   coefficient   of   partition   of   the   distributable 
tv*^^   (of  the  same  molecular  weight  in  both  3olvents) 
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for  example,  between  water  and  ether,  be  P= — ,  where 

w^  aad  We  are  the  weights  of  the  base  in  grams  per  cc,  of 

the  layers  water  and  ether  at  equilibrium.     After  thus 

determining  P,  by  experiment,  we  are  to  use  it  to  find 

the  concentration  in  moles  per  liter  in  the  water  layer, 

and  consequentiy  must  proceed  as  follows:   Assume  the 

xeaction 

MA+H20=M0H+HA, 

where  the  base  is  very  slightly  ionized  and  soluble  in 

both  solvents,  while  the  salt  and  acid  are  practically 

completely  ionized  and  soluble  only  in  the  water  layer. 

w 
It  is  evident  from  P  =— ^  that 

We 
W^=PWe 

and 

lOOoPWe 
^"'^         M        ' 

for  iQoo^  is  equal  to  c^  the  concentration  of  the  base 
M 

■'^OH  in  moles  per  liter  of  the  water  layer. 

If   the  water  layer  measures  1000  cc,  and  the  ether 
^^yer  X  cc,  then  the  total  moles  of  base  in  the  two  layer 

lOOoPWe      XWe 

system  must  be  — 77 h  ,>-.     This,  however,  accord- 

M  M 

• 

"^g  to  the  above  chemical  reaction,  must  also  be  equal 
^Q  the  total  acid  in  the  system,  which  is  contained  only 
*^  the  water  layer.    We  have,  then, 

TOOoPWe      OCWe 

Acid  in  water  layer  =  — jz- —  +'lj7~* 


Salt,  un-hydnMyzed,  in  water  layer  =c- 1  — yj — ^  +  17/' 

where  c  is  the  t^ginal  concentration  in  the  water  solution 
of  the  s^t,  in  moles  per  liter. 

The  hydrolytic  constant  for  tht  salt  MA  must  be, 
therefore,  smce  these  three  substances  are  in  equilibrium, 
in  the  water  layer, 

fioaoPwr     XU-r\/lOOoPWt\ 


oooPu't     XU'A 
and  from  this,  knowing  the  dilution  of  the  salt  V  ni  . 


{i-a)V 


=^hyd.i   we   can    solve   for    a,    the    hydrolytic 


dissociation  of  the  salt  MA,  in  the  equation 


a-\^hy 


d.l^     K^. 


As  an  illustration  of  this  method  we  may  take  the 

hydrolysis  of  aniline  hydrochloride,  where  the  hydrolysis 

is  caused  by  the  formation  of  free   un-ionized  aniline 

which  distributes  between  the  water  and  ether.    After 

shaking    (at   25°)    i    liter   of  water   containing  0.09969 

moles    of    aniline    hydrochloride   with    59   cc.   of  ether 

we  find  0.001156   gram   of   aniline  (A/  =  93)  per  cc.  of 

S9Xo.ooii^6  ,       ,        ,.      .„ 

ether,  i.e., 0.000733  ™ol^  of  amline  iD 
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the  59  cc.  of  the  ether  layer.     The  amount  of  aniline  in 

1000 ^XO.DOIISfi 

the  1000  cc.  of  the  water  layer,  then,  is  ■ 


there  is  always  at  25°,  lo.i  times  as  much  aniline  in 

1  cc.  of  the  ether  layer  as  in  i  cc.  of  the  water  layer.    Tho 

total  amount  of  free  base  in  the  system,  then,  i.s,  o.ooi  33  + 

0.000733=0.00196,  and  this  is  equal  to  the  amount  of 

free  acid  in  the  water  layer,  while  the  final  un-liydroIyz«l 

saltm  the  water  layer  is  0.09969—0.00196—0.09773,  for 

the  original  concentration  of  salt  was  0.09969  m<jle  j>cr 

liter.    We  have  then  in  the  water  layer 

„         0.00123  xo.ooig6 

Aii-i  = -0XW0O247, 

bvaa  vhich  for  tlits  practically  n/io  sdutioo,  the  IrjrdtO' 
1^  dissodatKHi, 

(1=0.0156  or  1.56%. 
Tliii  ipi'«hnil  is  also  la  be  used  kr  reacttoui  inrnlrit 
t*o  K  atmc  iHoks  of  vatcr  vfaen  appioprialcfy  dtood; 
and  is  afao  appEaUe  to  dtose  reactioat  f**-iV|:  ■•• 
nusd  acid,  vbczc  ibat  u  di«tz3itfted  hetmeta  ifce  tmm 
"itaHs  <«c  Fanvr,  L  c). 

■RkAm  <f  awJOBd  s:4Alt7.^A  am  TiyiiiTiM 
lod  aooBair  me^td  larlfce  I1I1  ■■'■iliia  f  fti  iiiMri 
tiOovAuc  <f  in  add  «r  a  faa«^  ban  it  i 
KWsnr  ■■  >  tttK"  «r  aa  atjd,  «6fe  a  lama  i 
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constant,  is  given  by  Lowenherz  (2feit.  f.  phys.  Che 
15,  385,  1898).  Either  the  acid  or  base  to  be  de 
mined  must  be  difficultly  soluble  in  water,  i.e.,  just  ti 
conditions  are  advantageous  which  in  the  usual  math 
are  sources  of  trouble. 

The  general  form  of  the  equilibrium  arising  by 
neutralization  of  an  acid  with  a  base  may  be  writi 
as  follows: 

HA+M0H  =  aHA-hbM0H  +  cH20+dMA  +  eH' 

-ffA'+gM'+hOH'. 

Calling  the  total  amount  of  acid  present  I  Ay  and  t 
total  base  IM,  we  have  the  following  conditions  existi 
at  equilibrium: 

(i)  A'  =  i'A-IL\-MA. 

(2)  A'-M'+H'-OH'.     The  sum  of  the  positive  io 

is  equal  to  the  sum  of  the  negative. 

(3)  M'  =  i'M-MA-MOH. 

(4)  M'=A'  +  OH'-H\ 

,    .  T^T*       KacidHA 

(5)  H  =  — 7^^ — . 


(6)  H-  =  '"^'^ 


(7)  OH'  = 


(8)  OH'  = 


OH'* 

M* 

SH20 
H'  • 


\ 


r-~. 


(9) 
(lo) 
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MA  =  (i -«ma)  ^«><*»l  MA. 
MOH  =  (i-rKMoH;  toi.ll  Moll. 


S^l 


(loa)  MOH,  when  difiicullly  wJul;l<'  iS  iIm'  whim-  «:»  Jn  »i 

satumtefJ  watxrr  y/lutiof). 


ri2) 


H/J«tf>lal  MA. 


C'r  "int    r-i-a'.irjr 


Vi*       T'rTTj'.'    '         '^        -' 


trrr   aiTJ—    auc    :::■-    rj-r'.-;^ : ■  :i: .-■ 


,»• 


-   -J" 


. . .         « . 


■  .  1  -  ,- 


r/- 

7:.     -:: 


'^T. 


^.'XE«  -' 
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very  simple  examples,  however,  will  probably  do  more 
to  show  the  principles  involved  than  pages  of  e^lana- 
tions. 

Assume  we  have  an  add,  soluble  to  cooi  mole  per 
liter,  the  constant  of  ionization  of  indiich  is  unknown, 
which  is  soluble  to  0.003  mole  per  liter  in  a  0.1  molar 
solution  of  the  base  MOH.  The  base  is  90%  ionized, 
and  the  salt  which  is  formed,  has  a  value  of  a  equal  to 
98%  at  this  dilution.  What  is  the  constant  of  ionization 
of  the  acid? 

Here  we  must  find  ITha" ^'-     Since   the  dif- 

feience  in  the  two  solubilities  is  0.002,  the  amount  of 
water  and  the  total  salt  formed  are  each  equal  to  0.002 
mole  per  liter.    We  have,  then, 

MA  =  (i-a)  (total  MA) 

—  (i  —0.98)  (0.002). 
M* «M-  of  MOH-loss  of  M*  as  MA 

=  0.9(0.1)  —(0.002)  (i  —0.98). 
OH'  =  OH'  of  MOH-loss  of  OH'  as  H2O 

=  0.9(0.1)  —(0.002). 

■rr.  _  SH2O 

^  "OH' 

(1.09X10-7)2 


0.9  (o.i)  — (0.002)' 
A'  =  H*+M--OH' 


f 
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(,09x10-';'  _ 

0.9Co.i)-(o.0O3)     ^    ^^ 
[0.9  (o.ij- (0.002)] 

'      -       0.088         +°-°°'^- 
E\.JA-.V-MA 
,  r(i.o9Xio-')ii  n 

L    -°-°°3-  L       „.o88        +°-«"96j 

r        -(1— o.98)(o.oo2j. 
And  since 

we  can  find  its  rahic  by  substituting  the  values  given 
above,  i*.,  H",  A',  and  HA. 

Proceeding  in  this  way,  and  only  in  this  way,  we  can 
find  the  concentrations  of  the  various  constituoils  at 
Kpiilibrimn. 

Ibe  sequence  of  detenninalioo  is  someiriiat  diffennt 
i^Kiitlie  lase  is  diSculdy  soluble  and  Kt^  a  unkoovn, 
an  add  gotntjoo  iritb  a  koo«-n  degree  iA  lotazaijaa  senr- 
■ogassolraiL 

f^asaat  a  base,  which  is  bdutJe  to  D.001  mole  per 
Witobe  sobiUe  ia  a  o.t  molar  solution  6L  add  (a  =>=o.90i) 
rto  die  extent  0003  mole  per  liter,  the  salt  bemg  ioiUBed 

|fcft98%.    What  is  i:(-^^^^^^)  lor  the  base? 
I  MA  •=  (o.ooa)  (i  —09(9, 
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but  now  we  must  first  determine  A'  instead  of  M'  as 
above,  i.e., 

A'=A'  of  HA-loss  of  A  as  MA 

=  0.9(0.1)  — (0.002)(l— 0.98), 

H-  =  H' of  HA-loss  of  H"  as  H2O 
= 0.9(0. 1 )  —  (0.002). 


OH'  = 


H* 

(1.09x10-7)2 


0.9(0.1)  — (0.002)* 
M*  =  A'+OH'-H' 

r      /       ^     /  \f  QM  j^     (1.09X10-7)^ 

=[0.9(0.1) -(o.oo2)(i -0.98)]+    \  \    , — r\ 
•■  ^^  ^        ^        ^      0.9(0. 1 ) -(0.002  j 

— [0.9(0. 1 )  —  (0.002)]. 

^  ,  (1.09X10-7)2 

=  0.00196  + -^ . 

^  0.088 


MOH  =  i'M-M'-MA 

=  0.003  — 


^     (1.09X10-7)2"] 
0.001964—^33 J 


—(0.002)  (1—0.98) 
and 

■'^-base  -  > 

^MOH 

the  values  of  which  are  above,  viz  ,  M  *  OH^  and  MOH. 
In  case  the  acid  is  dibasic,  or  the  metal  of  the  base 
is  divalent,   the  appropriate  changes  may  be  made  in 
the  above  formulas  without  difficulty. 
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tn  all  cases,  however,  it  is  necessary  to  have  the  solvent 
id  or  base)  considerably  more  concentrated  than  the 
solved  substance  (base  or  acid). 
7.  Other  ionic  equilibria. — In  order  that  the  import- 
:e  of  the  things  we  have  just  studied  may  be  more 
irly  realized,  we  shall  now  consider  very  briefly  their 
Jication  to  a  few  other  questions  of  general  chemical 
Test.  Since  the  states  of  equilibrium  which  we  most 
:n  encounter  in  our  daily  experience  are  those  corn- 
ed of  ionized  substances,  and  since  those  composed  of 
ionized  substances  are  comparatively  simple  and  easy 
determine,  we  shall  restrict  ourselves  here  to  the  con- 
oration  of  systems  containing  ionized  substances. 
7he  simpler  cases  of  ionic  equilibria,  i.e.,  those  exist- 
in  simple  electrolytes,  have  already  been  considered 
►ve.  We  found  then  that  the  law  of  mass  action 
bles  us  to  foresee  the  equilibrium  in  systems  com- 
ed  of  organic  acids  or  bases,  of  substances  which 
difficultly  soluble,  or  of  those  of  which  the  ionization 
/ery  slight.  But  for  other  systems,  characterized  by 
arge  degree  of  ionization,  the  law  of  mass  action  is 
:)arently  inapplicable,  and  must  be  replaced  by  certain 
pirical  relations. 

^e  also  found  complications  to  arise  in  these  equi- 
na, produced  by  the  further  dissociation  at  higher 
utions  of  one  of  the  two  ions  observed  at  lower  dilu- 
ns.    This   is   the   case  with   the   poly-basic   organic 
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acids,  which,  up  to  the  dilution  at  which  a =0.5,  behave 
as  though  monobasic,  only  showing  their  real  basicity 
above  this  dilution.  Even  in  such  a  case,  however,  the 
process  can  be  followed  or  foreseen  by  the  law  of  mass 
action,  each  form  of  ionization  leading  to  a  constant 
ratio  of  the  concentrations  of  the  constituents.  An  an- 
alogous case  with  a  strong  electrolyte  is  that  of  sulphuric 
acid,  which  ionizes  in  two  stages,  as  follows: 

H2S04=H-+HS04, 
HS04'  =  H'  +  S04". 

Here,  however,  we  cannot  follow  the  process  by  the 
law  of  mass  action,  and  the  first  stage  is  only  to  be  ob- 
served in  concentrated  solutions.     Indeed,  at  and  above 
a  dilution  of  i  mole  in  5  liters  no  trace  of  the  HSO4 
ion  can  be  detected,  and  a  dilution  of  i  mole  in  1000- 
2000   liters   shows   practically   complete   ionization  into 
2H'  and  SO4''.     The  behavior  of  salts  of  the  type  of 
BaCl2  is  similar  to  this;    and  in  general  we  may  say 
that  the  more  dih.te  the  solution  the  smaller  the  amount 
of  a  complex  ion  present.     (See  Luther,  Z.  f .  Elektrochem.? 
13,  294,  1907;  and  Noyes,  Carnegie  Publication,  239-281, 
No.  63.) 

All  these  cases  of  equilibrium  are  comparatively  simpl^> 
however,  for  all  the  ionized  matter  present  arises  froi^ 
the  one  original  substance  with  which  we  start.  The 
cases  we  are  now  to  consider,  i.e.,  those  equilibria  result- 
ing from  the  reaction  of  two  or  more  substances,  ar^ 
somewhat    more   compMc^X^d   experimentally,   for  tb^ 
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ionized  matter  may  be  due  to  several  substances,  but 
theoretically  they  are  to  be  treated  just  as  the  others. 

Before  considering  the  specific  cases  of  equilibrium 
which  have  been  observed,  it  will  be  well  to  review  very 
briefly  the  various  methods  for  the  determination  of 
ionization  and  molecular  weight  in  solution,  in  order 
that  the  physical-chemical  analysis  of  such  systems  may 
be.  quite  clear.  In  those  electrolytes  ionizing  into  two 
portions  measurements  of  the  electrical  conductivity  or 
freezmg-point  depression  give  all  the  necessary  informa- 
tion, i.e.,  of  ionized,  as  well  as  of  un-ionized  matter. 
This  is  also  true  when  three  ions  are  formed  completely. 
When  one  of  the  three  ions  is  formed  to  a  smaller  extent 
than  the  others,  however,  as  is  the  case  with  the  second 
H*  ion  of  dibasic  organic  acids,  some  other  method,  in 
addition  to  the  ones  above,  must  be  employed  in  order 
to  show  its  concentration.  As  the  equilibrium  beccMnes 
still  more  complicated,  i.e.,  contains  other  ionized  and 
un-ionized  substances,  still  other  methods  must  also  be 
employed.  In  short,  the  physical-chemical  analysis  can 
only  be  accomplished  by  a  combination  of  two  or  more 
of  these  methods. 

Starting  with  a  given  solution  containing  various  ions 
and  un-ionized  substances,  by  the  application  of  all  or 
some  of  the  following  methods,  we  can,  of  course,  ascer- 
tam  the  concentration  of  each  of  the  constituents  if  this  be 
^^essary.  As  a  matter  of  fact,  however,  this  is  usually  un- 
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necessar}',  for,  as  will  be  seen  from  page  330,  knowing  tto 
values  of  certain  ones,  those  of  the  others  may  be  found 
by  aid  of  the  chemical  and  physical-chemical  relations. 

The  electrical  conductivity  of  a  solution  gives  directly 
the  total  concentration  of  the  ions  which  it  contains;  while 
the  freezing-point,  boiling-point,  vapor  pressure,  or  osmotic 
pressure  give  the  total  number  of  moles  per  liter,  i.e.,   ^f 
ionized  plus  un-ionized  matter.    These  are  the  general 
methods  applicable  to  all  kinds  of  ionized  or  un-ionizod 
matter  and  their  application  to  an  unknown  solution    is 
obvious.    In  addition  to  these,  however,  there  are  certa^ii^ 
other  special  methods,   applicable  to  certain   kinds     <^^ 
ions  and  un-ionized  matter,  which  enable  us  to  mal^^ 
a  more  detailed  analysis  of  the  solution.     For  exampl^j 
by  the  depression  of  the  solubility  of  a  substance  wit:h 
an  ion  in  common,  the  concentration  of  that  ion  in  th^ 
solution    employed   as    the  solvent   may   be   calculat^^^^ 
and   with   great   accuracy.     The  nature  of  the  ions     ^^ 
general   may  be   determined  by  migration  experiments, 
i.e.,  by  observing    the  changes    in  concentration  due    ^^ 
the  passage  of  the  electric  current;  and  by  aid  of  electi'^' 
motive  force  measurements  the  individual  concentrati(7^^^ 
of  many   kinds   of  ions   may   be  accurately  calculat^^' 
For  details  as  to  these  methods  see  Chapter  IX.    Coi^' 
centrations  of  ionized  hydrogen  may  also  be  found  fro^ 
the  speed  of  the  inversion  of  cane  sugar,  using  a  we^  k' 
known  solution  of  an  acid  as  a  standard;    and  OH'  i<^^ 
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can  be  determined  from  the  speed  of  saponification  of 
an  ester,  a  known  and  weak  solution  of  a  strong  base 
being  used  as  a  standard.    And,  finally,  un-ionized  ag- 
gregates can  be  determined  by  partition  or  distribution 
experiments,   i.e.,   by  finding  the  concentration  of  the 
substance  in  another,  immiscible  solvent,  after  this  has 
been  shaken  with  the  original  solution.    And  this,  it  is 
to  be  remembered,  is  not  restricted  to  any  one  un-ionized 
substance,  for  even  when  several  are  present  together  they 
behave  as  if  they  were  alone,  and  so  can  be  determined. 
By  these  methods,  then,  it  is  possible  for  us  to  find  the 
concentrations    of    the    various    substances    present    at 
equilibrium,  both  ionized  and  un-ionized,  and  thus  to 
define  exactly   the  conditions   necessary   and  sufiicient 
for  the  retention  of  that  state. 

As  was  said  above,  we  are  now  to  consider  the  equilibria 
resulting  from  the  reaction  of  two  or  more  substances, 
but,  smce  a  chemical  reaction  in  ionized  systems  depends 
^rgely  upon  the  formation  of  un-ionized  or  difiicultly 
soluble  substances,  it  will  be  seen  at  once  that  the  law  of 
^iiass  action  is  applicable  to  these  systems.  For  such 
cases  where  it  is  inapplicable  we  have  no  guiding  principle 
^t  present,  but  these  are  few,  so  far  as  we  know,  and  at 
^-ny  rate  are  of  lesser  importance  in  ordinary  work. 

One  of  the  first  questions  arising  in  qualitative  analysis 
IS-— what  occurs  when  the  precipitation  of  Mg(0H)3 
^y  ammonium  hydrate  is   prevented   by   the  presence 


I 
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of  ammonium  chloride?  The  older  theory  of  this 
influence  assumed  the  formation  of  a  complex  salt 
lMgCl4)(NH4)2,  which  is  not  decomposed  by  ammoniuni 
hydrate ;  while  according  to  the  new  theory  it  is  due  to  the 
fact  that  the  ionization  of  the  ammonium  hydrate  is  so  de- 
creased by  the  presence  of  the  NH4'  ion  of  the  chloride 
that  the  solubility  product  of  Mg(0H)2  cannot  be  exceeded. 
This  question  was  first  investigated  by  Lov^n  (Zeil,  f- 
anorg.  Chem,,  37,  327,  1896),  If  the  action  is  due  lo 
the  driving  back  of  the  ionization  of  NH4OH  by  the 
NH4'  of  NH4CI,  the  reaction  would  be 

MgCla  +  2NH40Hi^Mg(OH)2  +  2NH4a. 
And  in  every  case,  even  when  an  excess  of  NH4C1  is 
present,  we  must  have  the  following  relations  at  equilili- 
rium: 

CMg-   XCoH'  =  ^Mg(OH),i 

or,  by  combination, 

Le..  <;„^-xr-^T=^^^  =  i.  a  consta-rnt  ' 

Lov^n  found  the  following  concentrations  at  equ*-^"" 
rium,  starling  with  different  salts  of  magnesium  ^"^ 
various  concentration  of  ammonia  and  ammoai"''''' 
chloride,  the  temperature  being  16-17°, 


J 
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Mg 

NH. 

NH4 

k 

0.0203 

0.0421 

0.01022 

0.34 

0.0281 

0.02027 

0.0059 

0  33 

0.03762 

0.0189 

0.00655 

0.31 

0.1084 

0.0499 

0.0286 

0-33 

Although  in  the  calculation  of  the  constant  k  the  ionic 
concentrations  of  Mg  and  NH4  should  be  used  in  the 
above,  complete  ionization  of  the  Mg  and  NH4  salts  are 
assumed,  and  the  total  amounts  employed.  As  will  be 
seen,  since  these  concentrations  were  determined  by 
ordinary  analytical  methods,  the  value  of  k  is  constant 
^thin  the  experimental  limits.  Levin's  own  formula 
^as  expressed  somewhat  diflFerently,  but  this  form  is 
^ed  here  so  that  it  may  be  in  accord  with  other  work 
^^  ^e  same  kind. 

Herz  and  Muhs  (Zeit.  f.  anorg.  Chem.,  38,  138,  1904) 
studied  this  same  equilibrium,  when  attained  from  the 
other  direction,,  i.e.,  according  |o  the  reaction 

Mg(OH)2  +  2NH4Cli=±MgCl2  +  2NH4OH. 
H^re,  just  as  above,  we  have 

and 

but,  since  no  NH4OH  was  added,  we  know  that 
)ieBCQ 


fUg"\  "Cmw  "       =%g(OH),j 
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or 


— -it~^  =  — .  o    =  constant, 

-^  —  =  constant. 
At  29°  Herz  and  Muhs  found  the  following  results: 

Mg                                   NH4  Constant 

0.049  0.0771  0.141 

0.0638  0.106  0.152 

0.089  0.172  0.154 

o . 108  0.25  o . 140 

0.156  0.388  0-159 

for  anunonium  chloride,  while  for  ammonium  nitrate  he 
found 

0.0495  0.076  0-I45 

0.0833  0.049  0-131 

Here,  also,  the  ionization  is  assumed  to  be  complete, 
and  it  certainly  is  within  a  few  per  cent  of  being  so.  The 
values  of  the  constants  are  not  to  be  compared  here,  for 
unfortunately  the  temperatures  differ  widely,  which 
would  probably  exercise  a  great  influence  on  the  am- 
monium hydrate  solution,  as  well  as  Upon  the  solubility, 
and  consequently  solubility  product,  of  Mg(0H)2. 

In  addition  to  these  independent  proofs  that  no  com- 
plex is  formed  in  such  solutions  we  also  have  another 
based  upon  entirely  different  principles  (Treadwell, 
Zeit.  f.  anorg.  Chem.,  37,  327,  1903).  The  molecular 
weight  of  a  solution  containing  the  chlorides  of  magne- 
sium and  anunonium  \n  the  ratio  to  form  a  compk^ 


CHEMICAL  CHANGE.  379 

:,  if  it  did  exist,  can  be  found  from  the  following  data : 

>.i466  gram  of  MgCU,  and  0.1647  gram  of  NH4CI 

.,  I  mole  of  MgCl2  to  2  of  NH4CI)  dissolved  in  20 

ms  of  water  cause  a  depression  of  the  freezing-point 

lal  to   0.^9609.     From    this    the    average   molecular 

ght  of  the  substance  in  solution  is  found  to  be  29.97. 

Assuming  the  salts  to  be  present  as  a  mixture,  and  that 

y  are  practically  completely  ionized  (for  the  justification 

which  see  below),  the  average  molecular  weight  would 

202.32 

=  28.9,  for  a  mixture  of  i  mole  of  MgCl2  and 

.oles  of  NH4CI  would  dissociate  into  seven  moles  of  ions. 
L  compound  were  formed  there  could  not  be  more  than 
It  ions  formed  at  most,  and  the  minimum  molecular 

202.  "^2 

ght  in  solution  would  be  '- —  =  67.44. 

olutions  formed  by  each  salt  alone  in  this  dilution 

J  the  following  results: 

.1466  gram  of  MgCl2  in  20  grams  of  water  depresses 

freezing-point  0.^3956,  from  which  M  =  34.27,  instead 

M^gCl2    95.26 

3  3        ^^^ 

ind  0.1647  gram  of  NH4CI  in  20  grams  of  H2O  gives 

reezing-point  depression   of  0^.5511,  i.e.,  M=  27.75, 

NH4CI     53-52       .  ^ 

ead  of  = =26.74. 

22' 

?hese  results  show  that  the  ionization  of  each  alone 
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at  this  dilution  is  nearly  complete,  and  certainly  tb^ 
simultaneous    solution    cannot    change    the    ionization 
enough  to  significantly  change  the  result  for  the  average 
molecular  weight.     If  the  two  formed  a  compound,  tti^ 
value  for  the  average  molecular  weight  could  not  undei 
any  circumstances  be  as  low  as  29.97,  ^  we  find  it.  This 
example  illustrates  very  well  the  difference  between  sl 
complex  (or  compound)  salt  and  a  simple  mixture  of 
two  or  more  salts.     In  the  former  case  the  ionization 
is  changed,  i.e.,  a  complex  ion  is  formed;    in  the  ktter 
the  ions  formed  are  the  same  as  those  which  exist  whei3. 
the  substances  are  present  alone  in  the  solution. 

The  behavior  of  a  mixture  of  MnCl2  and  NH4CI  ca,n. 
be  seen  from  the  following  results:  0.0968  gram  MnCl^ 
and  0.0824  gram  NH4CI  (i.e.,  i  mole  to  2)  in  20  grants 
of  H2O  give  a  depression  of  the  freezing-point  equstl 
to  0^.4797,  i.e..  M  =  34.56.  Assuming  that  the  com- 
pound [MnCl4][NH4]2  is  ionized  into  three  ions,  it  could 
not  be  more,  the  average  molecular  weight,  just  as  above, 

2  '^2*'06 

would  be '- — =79.99,  while  a  mixture  of  the  two,  the 

o 

232.9  __ 
ionization  remaining  unchanged,  would  lead  to 

33-28. 

We  can  conclude,  then,  that  in  such  solutions,  neith^ 

system  forms  a  complex  salt,  and  that  the  behavior  oj  ffiH' 

nesium  salts    with    ammonium   hydrate  simply  depends 
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Upon  the  concentration  of  the  OH'  ion  present^  and  upon 

those  ions  which  can  alter  the  concentration  of  this. 

One  of  the  questions  which  gave  much  trouble  before 

the     inception  of  the  electrolytic  theory  of  dissociation 

was    that  in  regard  to  the  sequence  of  separation,  when 

it  is  possible  for  two  salts  of  diflfering  solubility  to  be 

forrrxed  in  a  solution.     According  to  the  older  theory 

it  vsras  assumed  that  the  more  insoluble  one  always  formed 

5rst,  and  could  be  separated  from  the  other  by  fractional 

3reoipitation.     This,   however,    is   found   not   to   be   in 

iccoid  with  the  experimental  facts,  which,  on  the  other 

ian.c3,  are  perfectly  represented  by  the  law  of  mass  action. 

This  subject  has  been   investigated  by  Findlay  (Zeit.  f. 

)hy^s.  Chem.,,34,  409,  1900)  in  the  case  of  the  reversible 

eaction 

PbS04  -f-  2NaI?=^Pbl2  -f  Na2S04. 

solid         dissolved      solid  dissolved 

Applying  the  law  of  mass  action  to  this,  since  at  any  one 
teni-p>erature  the  concentrations  of  the  solids  in  solution 
3'^    constant,  we  have 

=  constant, 

^304" 

^or   the  reaction  may  also  be.  written 

PbS04-f-2r     Pbl2  +  S04". 

solid  solid 

^y  aid  of  analysis,  and  conductivity  and  electromotive 
^Q^ce  observations,  Findlay  found  the  ratio  to  be  a 

^S04" 
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constant  for  all  such  systems,  and  to  have  a  value  ^^ 
25®  lying  between  0.25  and  0.3.     The  outcome  of  tlv^ 
investigation  may  be  summed  up  as  follows:    From  ^ 
mixed  solution  of  sodium  iodide  and  sodium  sulphate^  i^^ 
Ihe  addition  of  a  soluble  lead  salt,  pure  lead  iodide  (/fe  -^ 
more  soluble)  can  be  precipitated  if  the  ratio  of  the  sqmi 
of  the  concentrcUion  of  the  iodine  ion  to  the  concentratiot 
of  the  sulphate  ion  is  greater  than  tJte  equilibrium  constat 
When  the  ratio  becomes  equal  to  this  constant,  both  lee 
iodide  and  sulphate  are  precipitated  together,   the  ratu^-^^ 

remaining  constant.    And  all  this   is  true  for  ti 

sulphate  when  the  ratio  is  smaller  than  the  constant. 

It  will  be  observed  from  these  examples  that  by  ai 
of  the  law  of  mass  action,  even  though  it  fails  to  hoL 
for  strong  electrolytes,  we  can  forsee  and  regulate  man^^; 
if  not  most,  of  the  reactions  with  which  we  come  in  coin- 
tact.     Many    other   examples    could    be    cited    here  to 
illustrate  the  methods  of  appUcation,  but  the  few  abo^^^^ 
will  suffice  to  bring  out  the  general  principles,  and  enal>l^ 
the    reader    to    follow    work    of    this   sort.     Interesting 
cases  of  ionic  equilibria  have  also  been  studied  by  von 
Ende    (Dissertation    Gottingen,    1899),  Morse    (Zeit.    *• 
phys.   Chem.,  41,    709,    1902),    Sherrill    (Zeit.   f.  pby^* 
Chem.,  43,  705,  1903),  Sherrill  and  Skowronski  (J.  ^• 
Chem.  Soc,  27;   30,   1905),  Noyes    and    Whitcomb  (/• 
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in  the  water  of  crystallization.    In  this  latter  case,  oi 
course,  the  solid  would  exhibit  the  same  color  as  the 
colored  ion.     The  only  correct  way  to  find  the  colo^ 
of  the  undissociated  portion  in  solution  is  to  use  a  solvent 
in  which  the  substance  is  not  dissociated  to  any  extent  I 
then  the  color  can  be  directly  observed.  This  is  not  difficulC^ 
to  carry  out,  for  all  solvents  have  a  different  dissociatin 
power,  and  either  alcohol,  ether,  benzene,  chlorofonrm- 
or  acetone  will  be  found  to  serve  the  purpose. 

The  ions  of  most  acids  are  colorless ;  consequently  a 
salts  of  a  metal  in  very  dilute  solutions  will  have  tli- 
same  color,  i.e.,  the  color  of  the  metaUic  ion.    In  mor" 
concentrated  solutions   this  is  not  true,  for  many 
ionized  substances  are  colored  and,   as   they  are  no 
present  to  a  greater  amount,  the  color  of  the  solutio 
is  the  result  of  the  mixture  of  these  and  the  ions.    A 
example  of  this  is  given  by  solutions  of  cuprous  chlorid 
where   the   color   of   the   un-ionized   portion   is   yello 
But  the  copper  ion  is  blue,  hence  the  color  of  a  solutio: 
of   cuprous   chloride  may   be   either  yellow,    green, 
blue,  according  as  it  is  undissociated  or  ionized  to 
lesser  or  greater  degree.     All  copper  solutions  when  ve 
dilute,  provided  the  negative  ion  is  colorless,   show  th 
same  blue  color. 

The  formation  of  a  complex  ion  can  be  followed  ve: 
closely  when  it  is  composed  of  a  colored  and  a  colorles-^^ 
ion.    Thus  if  a  KCN  solution  is  added  to  a  color 
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per  solution  the  color  instantaneously  disappears,  due 
he  formation  of  the  ion  CuCN'^'.  The  formation  of  a 
iplex  ion  can  be  proven  in  this  way,  but  its  nature  can 
''  be  shown  by  migration  experiments,  as  was  men- 
ed  above.     (See  Chapter  IX.) 


CHAPTER  IX. 
ELECTROCHEMISTRY . 

A.  The  Migration  of  the  Ions. 

79.  Electrical  units. — ^The  unit  of  the  resistance 
offered  to  the  electric  current  is  the  ohniy  i.e.,  the  resist- 
ance at  a  temperature  of  0°  C.  of  a  column  of  mercury 

106.3  c^^^-  l^^S'  w^^^  ^  cross-section  equal  to  i  sq.  mm. 
This  is  equal  to  10®  absolute  imits. 

The  unit  of  current  strength  is  that  strength  which 
will  separate  0.001118  gram  of  silver  from  a  solution  in 
one  second,  and  is  called  the  ampere — equal  to  io~^ 
absolute  units. 

The  unit  of  electromotive  force  is  the  volt,  or  10^ 
absolute  units,  which  gives  a  value  for  the  Daniell  cell 
equal  to  i.io  volts. 

The  unit  of  the  amount  of  electricity  is  the  coulomb, 
i.e.,  amperes  per  second;  i  gram  of  H*  ion  carries  with 
it  96,537  coulombs.  This  number  is  called  the  Faraday^ 
and  is  designated  by  F. 

386 
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The  intensity  factor  of  electrical  energy  is  the  volt, 
while  the  capacity  factor  is  the  coulomb,  i.e., 

* 

-where  e  is  the  amount  of  current  in  coulombs,  n  is  the 
electromotive  force  in  volts,  and  E  is  the  electrical  work 
the  unit  of  which  is  the  watt-second,  equal  to  the  volt- 
ampere-second,  i.e.,  equal  to  10^  absolute  units,  i  watt- 
second  is  the  electrical  work  done  when  i  ampere  flows 
at  the  potential  i  volt  for  i  second. 

The  heat  equivalent  of  electrical  energy,  since  the 
latter  is  equal  to  i  voltXi  coulomb  or  lo^  absolute 
units,  is 

io7 


42600X980.1 


=  0.2394  cal., 


i.e.,  I  watt-second  =  0.2394  cal. 

To  separate  i  gram  of  H*  ion,  or  the  equivalent 
weight  in  grams  of  any  other  element  we  need  then  the 
amount  of  work 

;:  X  96540  X  watt-seconds  =  96540  X  0.2394  Xtt 

=  23110;:  cals., 

-where  n  is  the  electromotive  force  of  the  current  giving 
96,540  amperes  per  second. 

If  all  electrical  energy  is  transformed  into  heat,  then 

7re=^i4, 


388  ELEMENTS  OF  PHYSICAL  CHEMISTRY. 

where  A  is  the  amount  of  heat  and  k  is  the  heat  equivalent 
of  electrical  work. 

80.  Faraday's  law. — ^This  is  the  basis  of  all  our  work  in 
electrochemistry.    The  law  may  be  expressed  as  follows: 

1.  The  amount  of  any  substance  deposited  by  the  current 
is  proportional  to  the  quantity  of  electrictiy  flowing  through 
the  electrolyte, 

2.  The  amounts  of  different  substances  deposited  by  the 
same  quantity  of  electricity  are  proportioned  to  their  chemi- 
cal equivalent  weights. 

One  gram  equivalent  of  H*   ion  carries  with  it  96,540 
coulombs  of  electricity,  as  has  been  determined  by  ex- 
periment.    One    coulomb,    then,    will    cause    0.041036 
gram  of  hydrogen  ion   to  separate;   hence  it  will  cause 
the  separation  of  0.041036  Xa  grams  of  any  other  element' 
where  a  is  the  equivalent  weight  of  the  element. 

81.  The  migration  of  the  ions. — The  chemical  effect  c>^ 
the  passage  of  an  electric  current  through  an  electrolyte 
can  be  divided  into  two  distinct  portions,  viz.,  the  cof^' 
duction  through   the  electrolyte,   and   the  separation  <^* 
substance   at   the   electrodes.      It  is    not  necessary  tt^-t 
the  ions  which  serve  for  the  conduction  of  the  currel^^ 
through  the  liquid  be  those  which  are  also  separated  ^^ 
the   electrode,   for  secondary   reactions   may   take  pla^^ 
there,  causing  others  to  appear  as  the  result  of  the  electr^^' 
lysis.    It  is  to  be  remembered,  however,  that  even  in  sucb 
a  case  Faraday's   law  still   holds,  and   the  substanc^^ 


ELECTROCHEMISTRY.  ^         389 

jeparated  are  chemically  equivalent  in  amount  to  those 
which  would  have  been  separated  in  case  the  secondary 
action  had  been  avoided. 

Although  the  two  different  effects  are  observed  to- 
gether in  practice,  we  shall  consider  them  separately; 
taking  up  the  question  of  conduction  here,  and  putting  off 
that  of  separation  to  a  later  period. 

The  conduction  through  the  liquid  depends  upon  what 
we  have  designated  thus  far  as  ionized  matter,  and  varies 
according  to  the  mobility  of  this,  which,  in  turn,  is  de- 
pendent upon  the  specific  nature  of  the  matter,  its  con- 
centration, the  temperature,  and  the  nature  of  the  solvent. 
After  the  electrol)rsis  of  a  solution,  excludingy  or  allow- 
^^g  for,  any  secondary  reaction,  it  is  found  experimentally 
Aat  th^  concentrations  aroimd  the  anode  and  cathode 
^r^  not  always  identical,  as  they  were  initially.  In 
sortie  few  cases  they  are,  it  is  true,  but  in  these  it  can  be 
shoA?vn  (as  will  be  done  later)  that  the  mobility,  i.e., 
velocity  through  the  Uquid  at  a  certain  voltage,  is  the 
sanae  for  both  the  anion,  which  goes  to  the  anode,»as  it 
•s  for  the  cathion,  which  goes  to  the  cathode.  In  all 
^tkei  cases  the  mobility,  or  speed  of  migration  through 
•h^  liquid,  is  different  for  the  two  kinds  of  ionized  matter 
^^  "Which  the  substance  is  composed. 

Ajid  further  than  this,  the  analysis  of  the  anode  and 
cathode  liquids  after  electrolysis,  excluding  secondary 
rea.ctions,  leads  to  an  expression  for  the  relative  mobilities, 
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i.e.,  the  migration  ratio  of  the  two  ions.  Indeed,  wl 
the  original  solution  is  colored,  this  diflFerence  in  c 
centration  can  be  observed  qualitatively  by  the  eye.  1 
reasons  for  this  change,  together  -with  the  princij 
upon  which  its  quantitative  calculation  is  based,  ^ 
be  made  clear  by  the  following  considerations: 

Assume  the  vessel  In  Fig.  15  to  be  divided  into  thr 
portions,  AC,  CD,  and  DB,  and  filled  with  a  soludc 


C      D 


Fig.  13, 

containing  30  gram  equivalents  of  HCl.     We  have,  tl 
10  gram   equivalents   in   each  division.     If  96,540 
lombs  of  electricity  are  passed  through   the    cell 
i4  to  5,  I  gram  equivalent  of  H*  ion  and  i  gram  f 
alent  of  CI'  ion  will  be  separated  upon  the  elec 
B    and    ^4,  if    secondary    action    is    excluded, 
gases  we   assume  to  be   removed  as    they  are 
These  96,540  coulombs  passing,  as  they  do,  thro 
whole  solution  have  a  certain  effect  upon  the  eqi 
of  the  ions.     First  we  will  imagine  the  H*  and 
to  move  with  the  same  velocity  and  then  with 
velocities,  and  find  the  relation  between  the 
concentration  and  the  relative  mobilities. 
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It   is   to   be   remembered   here   that    two    oppositely 

dectrij&ed  bodies  composing  a  system  will  transport  a 

current  equal  to  the  sum  of  the  charges  carried  by  the 

two  bodies   in   the  opposite  direction,    for  a   negative 

charge  going  in  one  direction  is  equivalent  to  an  equal 

and  opposite  charge  going  in  the  contrary  direction.     In 

other  words,  all  of  the  current  may  be  transported  by 

the  positive  material,  or  a  portion^-^'ay  be  carried  by 

each  in  opposite  directions,  apd  in  all  cases  the  total 

current  is  the  sum  of  those  ^purrents  going  in  the  opposite 

directions. 

I.  If  the  velocity  for  Ach  ion  is  the  same,  then  1/2  gram 
equivalent  of  CI'  uwi,  charged  with  48,270  coulombs, 
^1  migrate  from  BD  through  DC  to  CA ;  and  1/2  gram 
equivalent  of  H'  ion,  with  the  same  amoimt  of  electricity, 
^11  go  from  AC  through  CD  to  DB.  Altogether,  then, 
I  gram  equivalent,  charged  with  96,540  coulombs,  has 
passed  through  the  section  CD,  Since  i  gram  equiva- 
ent  of  H*  ion  has  been  removed  by  decomposition  from 
^^  and  1/2  gram  equivalent  has  migrated  to  it,  we 
lave  left  g\  gram  equivalents  of  H*  ion  and  9 J  gram 
^^Walents  of  CI'  ion,  since  but  1/2  gram  equivalent 
^*  this  has  migrated  from  it.  Consequently  we  have 
iT^  -BZ)  9 J  gram  equivalents  of  HCl.  In  i4C  we  have 
^^  same  number,  since  i  gram  equivalent  of  CI'  ion 
nas  disappeared  and  1/2  gram  equivalent  has  migrated 
to  It  and  1/2  gram  equivalent  of  H'  ion  has  migrated  from 
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it.  In  the  section  DC  the  concentration  is  unaltered, 
i.e.,  just  as  much  ionized  matter  has  left  it  as  has  been 
carried  to  it. 

The  concentration  ai  the  anode  is  the  same  as  that  at 
the  cathode,  then,  after  the  electrolysis  of  a  solution  com- 
posed of  ions  with  the  same  mobility. 

II.  Assume  the  velocity  of  the  H*  ion  to  be  five  times 
that  of  Cr. 

In  this  case,  after  i  gram  equivalent  of  H  and  i  gram 
equivalent  of  CI  have  separated  in  the  gaseous  state, 
the  whole  system  will  have  suffered  a  change.  5/6  of 
a  gram  equivalent  of  H*  ion,  charged  with  1(96,540) 
coulombs,  will  migrate  from  AC  through  DC  to  5A 
and  1/6  of  a  gram  equivalent  of  CI'  ion,  with  ^(96,540) 
coulombs,  will  go  from  BD  through  CD  to  AC.  Al- 
together, as  before,  i  gram  equivalent  of  ion  will  go 
through  the  section  CD,  carrying  with  it  96,540  coulombs 
of  electricity. 

The  original  composition  of  the  solution  in  CD  is 
again  unchanged.  In  BD  we  have  lost  i  gram  equivalent 
of  H*  ion  in  the  form  of  gas,  and  gained  5/6  of  a  gram 
equivalent  by  the  migration;  consequently  we  have 
9^  gram  equivalents  of  H'  ion  left.  1/6  of  a  gram 
equivalent  of  Cr  ion  has  migrated  from  it,  so  that  io 
BD  we  have  9^  gram  equivalents  of  HCl. 

In  ^C  we  have  lost  5/6  of  a  gram  equivalent  of  H' 
ion  and  i  gram  equivalent  of  CI'  ion  as  gas,  but  have 
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ined  1/6  of  a  gram  equivalent  of  CI'  by  the  migra- 

n;     consequently   we   have   9^   gram    equivalents   of 

:i  left. 

From  these  two  examples  the  following  law  may  be 

duced:     The  loss  on  the  cathode  (BD)  is  related  to 

it  an  the  anode  {AC)  as  the  mobility  of  the  anion  {CV) 

to  that  cj  the  cathion  {H'), 

In  this  way  Hittorf  determined  the  relative  mobiUties 

migration  ratios  of  the  various  ions. 

82.  Determination  of  the  migration  ratios. — ^The  prac- 

22!  determination  of  the  relative  mobilities  is  merely 

matter  of  analysis.  The  apparatus  which  is  used 
•r  this  purpose  is  a  decomposition-cell,  so  arranged 
lat  no  metal  can  drop  from  one  electrode  to  the  other; 
r  a  U  tube  may  serve  the  purpose,  so  long  as  the  two 
ortions  of  liquid  may  be  removed  and  analyzed  sepa- 
itely.  The  apparatus  is  filled  with  solution  and  the 
urrent  passed  through  for  a  certain  length  of  time,  the 
lectrodes  being  of  the  metal  which  is  contained  in  the 
alt  or  inert,  except  in  cases  where  certain  secondary 
ctions  are  to  be  avoided.  After  a  certain  time  either 
be  anode  or  cathode  portion  is  withdrawn  and  analyzed. 
^Ws  analysis  will  give  us  the  loss  of  metal  on  the  one 
lectrode,  from  which  that  on  the  other  may  be  cal- 
culated. 

K  w  is  the  fraction  of  the  cathion  which  has  migrated 
rom  the  anode  to  the  cathode  when  one  gram  equiva- 
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lent  has  been  separated,  then  i— n  is  that  fraction  of 
the  anion  which  has  gone  to  the  anode.  These  two 
quantities,  n  and  i— w,  are  called  the  migration  ratios 
of  the  cathion  and  anion.    We  have  then 

n        loss  at  anode      Ur. 


i—n    loss  at  cathode     Ua 

where  Uc  is  the  mobility  of  the  cathion  and  Ua  that  of 
the  anion. 

An  example  will  make  the  determination  of  this  clear: 
Hittorf  electrolyzed  a  solution  of  AgNOs  until  1.2591 
grams  of  Ag  were  separated.  The  volume  of  liquid  at 
the  cathode  before  the  experiment  gave  17.46249  grams 
of  AgCl,  and  after  it  but  16.6796  grams,  i.e.,  a  loss  of 
0.7828  gram  of  AgCl  or  of  0.5893  gram  of  Ag. 

If  no  Ag  had  come  to  the  cathode  by  migration,  the 
solution  would  have  lost  1.2 591  grams  of  Ag;  it  lost) 
however,  only  0.5893  gram;  hence  1.2591—0.5893=^ 
0.6698  gram  Ag  has  come  to  it  by  the  migration.  1^ 
just  as  much  of  the  Ag  had  come  by  migration  as  h^^ 
been  separated,  the  migration  ratio  of  the  Ag  would 
have  been  i,  i.e.,  the  NO3  ion  would  not  have  migrated. 
Only  0.6698  gram  of  Ag  has  migrated;  however;  hence 
the  migration  ratio  for  the  Ag*  ion  in  AgNOs  can  b^ 
found  by  the  proportion 

1. 2591 10.6698:  :i :a;=o.532; 
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the  migration  ratio  of  the  NO3'  ion  is 

1—0.532=0.468. 

These  values  are  not  the  same  for  all  dilutions,  al- 
though in  general  the  variation  is  but  sUght. 

A  table  containing  a  large  number  of  results  from 
experiments  of  this  sort  is  given  by  Kohlrausch  and  Hol- 
bom,  Leitvermogen  der  Elektrolyte,  a  few  of  which  will 
be  found  in  Table  XIV. 

Table  XIV. 
hittorf's  migration  ratios  for  the  ions. 

*  Solutions  i/io  equivalent  normal. 


Substance.  i  -  « 

V2KjSO^ 0.60 

^/2  CuSO^ 0.64 

'A  HjSO, .! 0.21 

A  K^CO, 0.37 

/^  JSajCO, 0.48 

^^   iLijCO, 0.59 

OXi 0.74 

aC>H 0.84 

^1   0.507 

iC2l 0.63 

^l    o .  70 


Substance.  i  —  « 

NH.Cl 0.508 

1/2  BaClg 0.61 

1/2  CaClj 0.68 

1/2  MgClj ' 0.68 

HCl 0.21 

KNO3 0.50 

NaNOa 0.61 

AgNOj 0.526 

i/2Ca(N08)2 0.61 

KClOj 0.46 


^^aturally,  inert  anodes  can  also  be  used  for  this  pur- 
^^,  and  in  many  cases,  to  avoid  secondary  reactions, 
^  snode  which  is  different  from  the  metal  of  the  salt 
^y  be  used.  Thus  Hittorf  (Ostwald's  Klassiker  der 
^^Isten  Wissenschaften,  Nos.  21  and  23)  used  cad- 
UVixn  as  an  anode  in  determining  the  migration  ratio 
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of  sodium  chloride,  to  avoid  the  H"  ion  due  to  the  resLc 
tion  of  chlorine  on  water. 

When  the  substances  separated  at  the  electrodes  are 
known,  analysis  of  the  liquids  at  the  cathode  and  anode 
enable  us  to  find  the  nature  and  composition  of  the  ions 
into   which   the  substance  dissociates.     In   most  cases 
here  qualitative  observations  sufl&ce  for  the  purpose,  and 
often  color-changes  make  it  possible  to  follow  the  process, 
even  without  analysis.     Examples  of  this    method  are 
to  be  found  in  many  investigations,  see,   for  example, 
Noyes  and  Blanchard  (J.  Am.  Chem.  Soc.,  22,  729  and 
732,  19S0),  Peters  (Zcit.  f.  phys.  Chem.,   26,  229,  1898), 
Calvert    (ibid.,    t^?>,   535,    1901),   Morse    (ibid.,   41,  709, 
1902),  and  McBain  (Z.  f.  Elcktrochem.,  11,  961).    The 
use  of  agar- agar  or  gelatine  in  these  cases  enables  us  to 
obtain  the  solution  in  the  form  of  a  jelly,  its  conduction 
relation  remaining  almost  unchanged  (see  p.  207). 

B.  The  Conductivity  of  Electrolytes. 

83.  The  specific  conductivity.  —  In  measuring  the 
electrical  conductivity  of  a  solution  we  obtain  results 
in  two  different  units:  one  refers  to  the  same  amount 
of  all  solutions,  the  specific  conductivity;  the  other  refers 
to  the  equivalent  or  molecular  amount,  the  moleculaf) 
or  equivalent,  conductivity. 

The  unit  0}  conductivity  is  the  conductivity  which  ^ 
column  oj  a  Icnf^th  oj  i  cm.  and  a  cross-section  oj  i  ctn- 
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^sses  when  its  resistance  is  one  ohm.  The  best  eon- 
ing  aqueoxis  solutions  of  strong  acids  have  this  con- 
ivity  at  about  40°.  The  conductivities  based  on 
iinit  are  designated  by  k. 

\.  Molecular  and  equivalent  conductivity. — Since  the 
luctivity  of  a  solution  depends  almost  exclusively 
1  the  amount  of  substance  dissolved  in  it,  it  is  more 
/enient  for  us  to  express  our  results  in  molecular 
quivalent  terms. 

Ae  equivalent  {molecular)  conductivity  of  a  substance 
le  conductivity  of  the  solution  which  contains  1  equiva- 
(i  mole)  of  substance  J  the  electrodes  being  separated 
[  cm.  and  large  enough  to  contain  between  them  the 
^e  solution.  This  value  can  be  found  by  dividing  k 
the  number  of  equivalents  (moles)  per  cubic  centi- 
2r,  or  by  multiplying  k  by  the  number  of  cubic  centi- 
srs  in  which  i  equivalent  (i  mole)  is  dissolved. 
mV  is  the  volume  containing  i  equivalent  (or  i 
0  in  liters,  then 


kXioooXV^=A 


/cXioooXF^  =  /i, 

ce  equivalent  conductivity  is  designated  by  A  and 
Xular  conductivity  by  fi. 
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8$.  Determination  of  electrical  conductivity. — Since 
the  degree  of  dissociation  of  electrolytes  can  be  deter- 
mined most  accurately  by  aid  of  the  conductivity,  the 
method  is  one  of  great  importance.  The  apparatus  used 
for  this  purpose  was  designed  by  Kohlrausch,*  and  is 
similar  to  that  for  determining  the  resistance  of  metals, 
except  that  an  alternating  current  is  used  in  place  of 
the  direct,  and  a  telephone  receiver  instead  of  the  gal- 
vanometer. The  alternating  current  is  used  here  to 
prevent  actual  decomposition  of  the  solution,  for  that 
would  decrease  its  concentration  continually  and  cause 
polarization  of  the  electrodes.  In  this  way  all  substance 
which  is  deposited  by  the  current  in  one  direction  is 
redissolved  by  it  in  the  opposite  direction,  and  all  polari- 
zation effect  is  nullified. 

The  form  of  the  electrode  is  shown  in  Fig.  i6,  the 
connections  being  made  by  aid  of  the  mercury  in  the 
glass  tubes.  The  electrodes  themselves  are  of  Pt,  which 
are  coated  elect rolytically  with  platinum-black,  so  as  to 
do  away  with  any  difference  of  potential  between  them. 

It  is  not  necessary  to  have  these  electrodes  just  a 
square  centimeter  in  cross-section  or  i  cm.  apart,  for 
we  can  easily  find  the  factor  which  will  transform  results 
for  any  cell  into  terms  of  specific  conductivity.  Kohl- 
rausch has  carefully  determined  the  specific  conductivity 


*  For  (Iflails  soo  ( )si\valii.  Handbook  of  Physicochemical  Measure- 

nicnts,  Mac  mi  Han  &  Co. 
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of  a  number  of  standard  solutions,  so  that  a  determina- 
tion of  any  one  of  these  in  a  larger  or  smaller  cell 
will  give  directly  the  factor  necessary  to  transform  re- 


Fio.  14-     (Natural  si 


suits  by  that  cell  into  actual  specific  conductivities, 
according  to  the  definition.  For  a  0.02  molar  solution 
of  KCI,  Kohirdiisch  found  the  values  k,s»=o.oo2397, 
^,go=-  119-85,  It jj"  =  0.002 768  and  ■^J5»=i3§-S4. 


*» 


ELEMENTS  OF  PHYSICAL  CHEMISTRY. 


S&.  Ionic  conductivities. — Since  the  ions  are  the  car- 
rioB  of  dectricity  in  solution,  the  equivalent  conductivity 
«:  «ny  dilution  divided  by  that  at  infinite  dilution,  i.e., 
'vboi  the  substance  is  present  only  in  the  form  of  ions, 
trU  give  us  the  degree  of  dissociation.     We  have  then 


A^ 


Thb  conductivity  at  infinite  dilution  means  simply  that 
iif  «)ui\'alent  conductivity  is  not  altered  by  further 
i£luik>n.  This  maximum  value  for  the  equivalent  con- 
jiKtivily  Kohlrausch  found  for  a  binary  electrolyte  lo 
V  tijaal  lo  the  sum  of  two  single  values,  one  of  which 
miftrs  lo  the  anion  and  the  other  to  the  caihion.  This 
jix  <"  ''"■  independent  migration  oj  the  ions  shows  that 

^joiuctivity  is  an  additive  property.    The  truth  of  this 

i»  s  shown   in  Tabic  XV. 


snces  of  two  corresponding  sets  of  numbers 
rows,  and  of  any  two  in  the  horizontal  ones, 
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are  nearly  equal,  which  can  only  occur  when  the  result 
is  composed  of  two  single  and  independent  values. 

One  kind  of  ion,  then,  always  carries  the  same  amount 
of  electricity  with  its  own  velocity,  independent  of  the 
nature  of  its  companion  ion. 

The  equivalent  conductivity  at  infinite  dilution  is  con- 
sequently 

where  4  and  la  are  the  equivalent  conductivities  of  the 
\ons  of  the  substance  in  solution  at  infinite  dilution. 
We  have  then  (p.  394) 

w=T— 7-=-p     and     i-w  =  -r-, 

Ic  +  la     '^00  ^00 

in  other  words,    Ic^nA^,    /a=(i— w)^«,- 

Thus  the  molecular  conductivity  at  infinite  dilution 
/^ao  (equal  here  to  the  equivalent  conductivity  A^) 
of  sodiiun  chloride  is  no,  while  n  =  o,^S  and  i— w  =  o.62, 
hence 

/c=o.38xiio=4i.8(Na-), 

/a  =  0.62XlIO  =  68.2(Cl'), 

i.e.,  I  mole  of  Na'  ion  possesses  a  conductivity  of  41.8 
when  between  electrodes  i  cm.  apart  and  large  enough  to 
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contain  between  them  the  total  volume  of  solution  in  which 
the  sodium  ion  exists;  and  i  mole  oj  CV  -  ion  ufider 
the  same  conditions  has  a  conductivity  equal  to  68.2. 

In  all  solutions  in  the  same  solvent,  at  the  same  tertt- 
perature,  these  values  remain  constant,  so  that  it  is 
possible  for  us  to  calculate  what  the  conductivity  would 
be  for  any  substance  at  infinite  dilution.  This  is  of 
great  use  in  experimental  work,  for  it  is  not  always 
possible  to  actually  reach  this  limiting  value  with  any 
degree  of  accuracy. 

A  table  of  such  results,  then,  enables  us  to  find  the 
limiting  value  of  the  conductivity  at  infinite  dilution, 
and  not  only  this,  for 

A  =  0C(L  +  Ic), 

i.e.,  if  we  know  the  fraction  of  a  mole  oj  each  ion  present 
we  can  find  the  equivalent  conductivity  of  the  solution  ^ 
any  dilution  by  multiplying  the  sum  of  the  ionic  conduC' 
tivities  by  the  degree  of  ionization. 

Since  most  neutral  salts  are  very  largely  ionized  the 
value  of  the  equivalent  conductivity  can  be  readily  de- 
termined. By  subtracting  the  value  for  the  metal  ion 
from  this  result  it  is  possible,  then,  to  find  the  ionic 
conductivity  of  the  acid  radical  which  is  present  as  the 
negative  ion.  In  the  table  below  are  given  a  few  ionic 
conductivities,  from  which  various  values  may  be  cal- 
culated. 
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Ionic  Conductivities  at  18°  and  Infinite  Dilution* 


'3'. 


; 

33-44 

43.55 
64.67 

67.6 

68.2 

64.4 

66 

54.02 

46.64 

65.44 
67.63 
66.40 
56.63 

55-03 

33-87 
61.78 

318 
174 


Temp.  Coeff. 
0.0265 
0.0244 
0.0217 
0.0214 
0.0212 
0.0222 
0.0215 
0.0229 
0.0238 
0.0216 
0.0215 
0.0213 
0.0211 
0.0215 
0.0234 
0.0205 


/ 

}Zn" 45-6 

\  Mg"  ....      46.0 

iBa- 56.3 

iPb- 61.5 

iSO/' 68.7 

i  CO3" 70 

BrOg' 46.2 

CIO/ 64.7 

10/ 47.7 

MnO/ 53.4 

CHO/ 46.7 

C2H3O/....     35 

CsHp' 31 

C4H7O2' 27.6 

•  25.7 

•  24.3 

iCzO^.. 62.7 

Picrate  ion.  .  .  26 


Temp.  Co^ 
0.0251 
0.0256 
0.0238 
0.0243 
0.0227 
0.0270 


C^H^O/ 
CaH„Oj. 


0.0258 


'he  temperature  coefficients  here  are  the  percentage 
age  in  ionic  conductivity  per  centigrade  degree, 
'he  ionic  conductivity  of  elementary  ions  is  a  periodic 
:tion  of  the  atomic  weight  and  rises  with  it  in  each 
2s  of  analogous  elements;  but  analogous  elements  with 
nic  weights  greater  than  35  have  approximately  equal 
iuctivities. 

iomeric  and  metameric  anions  have  the  same  equiva- 
conductivities. 

7.  The  conductivity  of  organic  acids. — The  deter- 
ation  of  the  ionization  constant  of  organic  acid, 
ch  has  been  discussed  above,  is  very  easily  accom- 
hed   by    aid    of   the   conductivity.     By   substituting 

for  a  in  the  Ostwald  dilution  law  we  obtain 


/^^ 


/^ooC/^oo-/^!;) 


^KV. 


See  Kohiraush,  Berl.  Akademieber.  26,  581,  1902,  aivd  ^Sx.zMXv^^«t. 
kad.  d.  Wiss  zu  Berlin,  26,  572,  1902;    Bredig,  7..  i.  p\v^^.  Ocv'&xq..^ 
pi,  1894;  and  Gorke,  ibid.,  61,  495,  1908. 
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For  inorganic  acids,  bases,  and  salts,  for  which  the  Ost- 
wald  dilution  law  does  not  hold,  we  can  use  either  the 
Rudolphi  or  the  van't  Hoff  dilution  law,  which  become, 

by  substitution  of  —  for  a, 


(0 


( 


-t)^ 


=  const. 


and 


(0 


(-t) 


2 
V 


=  const. 


The  molecular  conductivity,  when  the  acid  is  very 
weak  and  dilute,  is  found  from  the  experimentally  de- 
termined value  of  K,  after  subtracting  from  it  the  value 
/^HsO  for  the  water  used,  for  these  two  terms,  under 
these  conditions,  become  of  the  same  order. 

88.  Determination  of  hydrolytic  dissociation  from  the 
conductivity. — WTicn  a  salt  reacts  with  i  mole  of  water 
and  either  base  or  acid  or  both,  ara  appreciably  ionized, 
the  larger  the  hydrolytic  dissociation,  the  greater  will  be 
the  equivalent  conductivity,  up   to  J^  +  ^b    as  a  li^ii^ 
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The  increase  of  conductivity  for  the  dissociation  a  will  be 
^2'-A\,  when  A2  is  the  actual  equivalent  conductivity  of 
the  water  solution  of  the  salt,  and  ^1  is  the  equivalent 
conductivity  without  hydrolytic  dissociation  at  the  same 
concentration.  (This  is  found  from  the  conductivity  of 
the  salt  in  the  presence  of  an  excess  of  one  of  the  products, 
subtracting  from  it  the  conductivity  of  the  added  sub- 
stance, if  it  has  any).  ^a+^b~^i  is  the  increase  of 
conductivity,  then,  that  would  be  observed  if  the  hydrol- 
ysis were  complete.    Hence 

A2—A1 


a 


where  ^a+^b  is  the  sum  of  the  conductivities  of  the 
acid  and  base  at  the  same  dilution  as  the  salt. 

An  example  of  the  calculations  in  this  way  is  the  follow- 
ing: 

At  25°,  7  =  197.6.  A  for  aniline  hydrochloride  is 
126.7;  ^  for  aniline  hydrochloride  plus  an  excess  of 
aniline  is  106.6;  A^^qi  is  415  (7  =  197.6).  The  con- 
ductivity of  aniline  is  negligible.  Find  the  degree  of 
hydrolytic  dissociation. 

Here  126.7— 106.6  ^s  the  actual  increase  in  conduc- 
tivity due  to  the  hydrolytic  dissociation  a.  If  the  hy- 
drolysis were  complete  this  increase  would  be  415  —  106.6; 
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It  is  conceivable  here  that  instead  of  an  increase  in 
conductivity  due  to  the  hydrolysis  that  a  decrease  might 
occur,  i.e.,  where  the  acid  at  the  dilution  of  the  salt  had 
a  smaller  conductivity  than  the  salt.  Then  it  would  be 
necessary  simply  to  change  the  ratio  so  as  to  give  the 
actual  decrease  to  the  decrease  caused  by  a  =  i. 

For  the  method  to  be  used  in  case  both  acid  and  base 
are  very  slightly  ionized,  see  Lund^n,  J.  chim.  Phys.,  5, 
145  and  574, 1907,  and  Noyes,  Carnegie  Publication  No.  63. 

89.  The  absolute  mobility  of  the  ions. — Thus  far  we 
have  considered  only  the  relative  mobility  of  the  ions, 
or  else  their  conductivities;  now,  however,  we  shall  con- 
sider the  actual  velocity  in  centimeters  per  second  with 
which  they  go  through  the  solution. 

Imagine  two  electrodes  i  cm.  apart,  and  assume  be- 
tween them  a  solution  containing  i  equivalent  mole  of 
positive  and  i  equivalent  mole  of  negative  ions.  In  one 
second  the  amount  of  electricity  A^  will  go  over.  Each 
equivalent  mole  of  ions  would  transport  96,540  coulombs 

of  electricity;  hence  the  ratio  °°  will  give  the  frac- 
tion of  the  distance,  i  cm.,  which  the  ions  together  have 
traversed  in  one  second,  i.e.,  the  sum  of  their  velocities  in 
centimeter-seconds.    In  other  words,  we  have   the  dis- 

tances  -^ —   and  -7 traversed  by  each  kind  of  ion. 

96540  96504  ' 

for  since  A^  =la+lc,  .^^  .j=.^ + 


96540  96540  96540 
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The  molecular  conductivity  of  a  o.oooi  normal 
solution  of  KCl  at  18°  (in  reciprocal  ohms)  is  128.9; 
the  sum  of  the  distances  traversed  by  the  two  ions,  then, 

is 

128.9 


96540 


=0.001345  cm.  per  second. 


This  total  velocity  is  made  up  of  the  two  single  velocities. 
By  Hittorf's  experiments  the  relative  velocities  of  K*  and 
CF  ions  in  KCl  are  in  the  ratio  of  49  to  51.  Hence 
K'  has  a  velocity  of  0.00066  cm.  per  second  and  CI' 
has  a  velocity  of  0.00069  cm.  per  second  in  a  0.0001 
molar  solution  at  18°,  for  a  potential  difference  of  i 
volt. 

Knowing  the  absolute  mobility  of  the  ions  we 
can  also  thus  calculate  the  equivalent  conductivity  at  infi- 
nite or  any  other  dilution.  We  have,  in  the  two 
cases^ 


A 


96540 


*     -Ua^-Uc 


and  .1     =^oc{Ua  +  Uc), 

96540       ^ 

/  la     '  Ic      \ 

where  Ua  and  Uc  (equal  to  -7- —  and  -r — 1  are  for 
infinite  dilution,  and  expressed  in  centimeters  per  second 
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at  a  definite  temperature.    In  the  table  bdow  are  some 
of  the  absolute  mobilities  as  given  by  KoUrausdu 

AB8(n.uTBVxL0ciry  of  the  Ioms  at  iS^  ni  cms.  not  SaooHD. 


K*  -0.00066 
NH4'  -0.00066 
Na*  •*  0.00045 
li*  —0.00036 
Ag-  -0.00057 
Cr/^^—o  .000473 


H'  —0.00320 
CT  —0.00069 
NO/  -0.00064 
CIO/-0. 00057 
OH'  -0.00181 
Cu"  <*>o. 00031 


It  has  been  possible  to  prove  the  correctness  of  some 
of  these  results  by  experiment,  Le»  by  actual  speed 
measureminits  on  a  cdor  boundary  in  a  tube.  Whet- 
ham's  method  for  this  purpose  (PhiL  Tians^  i803A»  33^;  j 
1 895 A,  507)  is  as  follows:  If  we  cdnsidc^  the  boundaiy- 
line  of  two  equally  dense  solutions  which  contain  a  : 
common  colorless  ion,  but  which  are  colored  diflFerently, 
and  call  the  salts  AC  and  BC,  then  when  a  current 
passes  through  the  boundary-line  the  C  ion  go  in  one 
direction  and  the  A  and  B  ions  in  the  other.  If  the 
A  and  B  ions  are  the  cathions,  then  the  color  boundary 
will  move  in  the  direction  of  the  current,  and  its  velocity 
will  be  equal  to  the  velocity  of  the  ion  which  causes  the 
change  of  color.  In  this  way  the  velocities  for  Cu", 
Cr207",  and  CI'  were  determined  in  centimeter-seconds. 
In  the  table  on  p.  409  the  values  foimd  in  this  way  are 
compared  with  those  calculated  by  Kohlrausch. 

For  other  methods  for  determining  the  mobilities  of 
the   ions   see  Masson  (Phil.  Trans.,  192A,  331,  1899); 
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5teele  (Phil.  Trans.,  198,  105,  1902);  Abegg  and  Gans 

« 

^Zeit.  f.  phys.  Chem.,  40,  737,  1902),  and  Denison  (Zeit. 
[.  phys.  Chem.,  44,  575,  1903). 

Comparison  of  Absolute  Ionic  Velocities. 

J  Whetham ,  Kohlrausch, 

^^^'  by  Experiment.  Calculated. 

Cu" 0.00026  0.00031 

0.000309 
CI' ; .  •  .   0.00057  0.00069 

o . 00059 

0.00047 
CljO/' 0.00048  ■  0.000473 

0.00046 

90.  The  basicity  of  an  acid. — For  all  binary  organic 
acids  the  formula 

holds  strictly.  For  dibasic  acids  this  is  also  true  when 
the  dissociation  is  not  more  than  50%,  i.e.,  all  dibasic 
organic  acids  imder  these  conditions  ionize  as  monobasic 
acids.  In  the  case  of  the  neutral  salts  of  these  acids, 
however,  the  dissociation  into  more  than  two  ions  takes 
place  at  a  muth  smaller  dilution.  The  difference  of 
conductivity,  then,  between  two  dilutions  must  be  greater 
for  the  neutral  salt  of  a  polybasic  acid  than  for  one  of  a 
monobasic  one.  Ostwald  has  made  use  of  this  fact  for 
the  determination  of  the  basicity.  He  found  empiri- 
cally that  the  Na  salt  of  a  monobasic  acid  gives  a  differ- 
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ence    in    equivalent    conductivity    at   V=^2 

F  =  i024  liters  of  approximately  lo  units,  a  i 

of  20  units,  etc.    Hence  to  find  the  basicity 

we  have  only  to  find  the  equivalent  conduct 

Na  salt  at  32  and  1024  liters  dilution;  then  n,  1 

J 
of  the  acid,  is  given  by  n  ■=■  — , 

Values  of  J  and  n  pos  Sodium  Salts  op  Organi 


Propionic. . . 


Quininic 19, 

Pyridin -tricarboxylic  (1,  J,  3) 


Pyriditi-letrararboxylic 

Pyridin-penlacarboiylic 50, 


gi.  The  conductivity  of  neutral  salts. — A 
pirical  law  enables  us  to  find  the  equivalent  c 
of  a  neutral  salt  at  one  dilution,  provided  \ 
for  another,  and  the  salt  is  largely  ionized 
Av  is  not  very  different  from  A„.  The  relatio 
is  as  follows : 
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where  »i  and  ^2  are  the  valences  of  the  anion  and  cathion 
respectively,  and  c„  is  a  constant  for  all  electrolytes. 
When  Cp  is  known  for  all  dilutions,  and  also  the  terms 
Ju,  «i,  and  W2,  we  can  find  the  value  of  A^,  i.e.,  the 
equivalent  conductivity  at  infinite  dilution.  If  we  desig- 
nate {w]  ■»2-Cb)  by  d^,  then 

Table  XVI  gives  the  value  of  d„  for  different  dilutions 
and  for  values  of  n\-nz  equal  to  i,  2,  and  4  at  both  18° 
and  25°. 


This  behavior  may  be  summed  up  in  words  as  follows: 
^he  decrease  of  equivalent  conductivity  is  roughly  con- 
^lant  for  salts  of  the  same  type;  and  the  decrease  in  eguiva- 
^^  conductivity  for  salts  of  different  types  is  proportional 
'°  ihe  valences  of  the  ions. 

This  is  similar  to  the  relations  already  considered  be- 
*^een  the  ionization  of  salts  of  the  same  type  (pp.  195- 
^97);  in  fact,  they  were  derived  from  this. 

93,  The  ionization  of  water. — The  ions  of  water  are 
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H'  and  OH',  i.e.,  to  a  very  slight  degree  it  is  a  binary 
electrolyte.  The  specific  conductivity  ic  of  a  specially 
purified  water  was  found  by  Kohlrausch  to  be 

0.014-10"^  at    o°C. 
0.040- 10""®  at  18° 
0.055-10"®  at  25^ 
0.084-10"^  at  34° 
0.17   •  io~"  ai  50° 

One  mm.  of  this  water  at  0°  has  a  resistance  equal 
to  that  of  a  copper  wire  of  the  same  section  and 
40,000,000  kilometers  long,  i.e.,  which  is  long  enough 
to  go  around  the  earth  a  thousand  times. 

From  this  conductivity  the  degree  of  dissociation  is 
easily  determined.  One  mole  of  H*  ion  has  a  con- 
ductivity equal  to  318  units  (p.  381),  while  i  mole  of 
OH'  ion  has  one  equal  to  174;  hence  the  maximum 
molecular  conductivity  of  water  should  be  ^00=318  +  174 
=  492,  if  completely  dissociated.  That  of  a  liter  be- 
tween electrodes  i  cm.  apart  at  18°  is  lo^  times  as 
large  as  0.04X10"^,  i.e., 


0.04X10  ^Xio2  =  o.o4Xio~3, 


hence 


o.o4Xio~3 

=  0.8X10-7  ; 

492 
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which  is  the  concentration  of  H'  and  OH'  ions  in  moles 
per  liter  at  18°,  or  there  are  17  grams  of  OH'  and  i 
gram  of  H'   ion   in  12,000,000  liters  of  water. 

It  is  to  be  remembered  here  that  the  492  would  be  the 
value  if  i  mole  of  H'  ion  and  i  mole  of  OH'  ion  were 
present  together  between  electrodes  i  cm.  apart  and  of 
any  cross-section,  so  long  as  they  will  contain  between 
them  the  amount  of  solution.  Since  we  use  water  as  a 
solvent,  the  equivalent  conductivity  is  usually  calculated 
for  a  liter,  and  not,  as  it  might  be  assumed  by  definition, 
18  grams.  The  calculation  was  similar  in  determining 
the  ionic  product  of  H*  and  OH'  ions  (p.  339),  where  shzO 

1000 
was  equal  to  — ^K,  i.e.,  SS-S-K*. 

lo 

93.  The  temperature  coefficient  of  conductivity. — Ac- 
cording to  Kohlrausch,  the  conductivity  varies  with  the 
temperature  as  follows: 

where  ^  is  the  temperature  coefficient,  or  the  change 
in  conductivity  for  1°  C.  We  can  find  /?  by  experiment 
from  the  equation 

Substances  with  small  molecular  conductivities  usually 
iiave  large  temperature  coefficients.    Most  of  the  strongly 
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dissociated  salts  have  a  value  for  /?  equal  to  0.025,  i*^-*  the 
equivalent  conductivity  changes  2\%  for  each  degree. 

This  temperature  coefficient  depends  upon  several 
factors,  for  the  internal  friction  of  the  solvent  changes, 
as  well  as  the  degree  of  dissociation  and  the  velocity 
of  migration.  It  is  only  possible  to  obtain  a  negative 
coefficient  when  the  dissociation  decreases  enough  to 
more  than  compensate  for  the  increase  in  the  velocity 
due  to  the  diminished  friction;  consequently  all  such 
substances  must  have  negative  heats  of  dissociation. 

The  equivalent  conductivity  at  infinite  dilution  also 
increases  with  the  temperature,  so  it  must  not  be  im- 
agined that  the  ionization  increases  in  this  way.  The 
examples  already  given  (p.  325)  will  serve  to  show  how 
a  varies  with  the  temperature. 

94.  The  conductivity  of  difficultly  soluble  salts. — If 
the  saturated  solution  of  any  insoluble  salt  is  so  dilute 
that  we  may  assume  complete  dissociation,  A^  =Ayy  we 
have 

'^solution  ""'^HjO'^'^- 

and  Av=A^=kXioooV, 

I.e.  V  = 


kXic^ 

and       '  C=v^=  — - —  moles  per  liter. 

This     method    has    been     used    by     Holleman  *     and 
Kohlrausch   and    Rose  f   v.^th   very    good     results.      In 

*  Zeit.  f.  phys.  Chem.,  12,  125,  1803.         f  Ibid.,    234,  1893. 
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this  way  a  number  of  solubilities  have  been  determined; 
although  it  is  usually  customary  for  more  accurate  work, 
to  first  find  the  approximate  dilution  in  this  way  and  then 
by  aid  of  the  table  on  page  411  to  find  from  it  and  -4^  a 
more  accurate  value  to  be  used  in  place  of  i4^,  the  final 

value  of  F=-  being  calculated  from  that.    Thus 

I  part  BaS04  dissolves  in  429,700  parts  H2O  at  16°.  i  C, 

I  part  SrS04  dissolves  in    10,070  parts  H2O  at  24°.-2  C, 

I  part  BaCOa  dissolves  in    45,566  parts  H2O  at  24^.3  C, 

I  part  SrCOa  dissolves  in    91,468  parts  H2O  at  24°.3  C. 

BaS04  is  of  course  so  insoluble  that  it  is  impossible 
to  find  its  term  A^  by  experiment.  Its  value,  however, 
can  be  found  from  the  general  equation 

A^iMX)  =^(MXi)  ^AJMiX)  -A^iMxXx), 

where  M  and  Mi  represent  metals  and  X  and  Xx  the 
negative  radicals. 
Thus  from 

A^,  for  JBaCl2,  =115 
^^,forKCl,         =122  [  18° 

A^,  for  JK2S04,  =  i28 
we  have 

-^oo>for  JBaS04,  =  ii5-|-i28--i22  =  i2i. 
This  value  could  also  be  found  from  the  table  illus- 
trating^ Koh&ausch'"s  law  of  the  independent  migration 
of  the  ions,  of  which  it  is  an  application,  ox  It^^'k^  ^^^ 
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on  p.  403.  Naturally,  solubilities  calculated  from  this 
value  of  A^  would  be  expressed  in  liters  containing  i 
equivalent,  while  solubilities  are  usually  expressed  in 
moles  per  liter.  The  V  directly  found  for  iBaS04  then 
must  be  multiplied  by  two  to  give  the  volume  containing 
I  mole;,  and  the  solubility  in  moles  per  liter  would  be 

-T^.     It  must  be  borne  in  mind  here  that  this  method 


is  only  applicable,  in  its  simpler  form,  when  we  can  safely 
assume  A^  for  a  saturated  solution  to  be  the  same  as  ^«. 
And  further,  it  is  limited  to  those  substances  which  are 
soluble  enough  to  give  a  value  of  k  which  diCFers  appre- 
ciably from  that  for  the  water  used.  Silver  iodide  solu- 
tions in  this  respect  seems  to  be  about  on  or  just  beyond 
this  limit. 

95.  The  dielectric   constant  and  dissociating  power. 
Other  solvents  than  water. — According  to  J.  J.  Thomsen 
and  Nemst,   there  is  a   relation   between   the  dielectriq 
constant   of  the  solvent  and   its   power  of  dissociating 
dissolved  substances.     The  dielectric  constant  is  deter- 
mined   by    placing    the   substance    between    two   plates 
between   which   there  is   a   certain   potential  difference, 
and   measuring  the  loss  of   potential.      Air  is  used  first 
between  the  plates,  and  then  the  substance  to  be  de- 
termined.    The  factor  which  we  measure  is  the  specific 
inductive  capacity  of  the  liquid  for  electricity,    referred 
to   air   as    a   standard.     The   dielectric    constants   of  a 
number  of  solvents  are  given  in  the  following  table. 
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Benzene 2 .  24 

Ether 4.25 

Amyl  alcohol 16.05 

Ethyl  alcohol,  99.8% 25 .8 

Water 79 . 6 

As  will  be  observed,  the  constant  for  water  is  higher 
than  for  any  of  the  other  solvents,  and  its  dissociating 
power  is  also  the  greatest. 

The  latest  theory  as  to  the  relation  between  the  dielec- 
t:ric  constant  and  dissociating  power  is  by  Briihl.*  The 
dielectric,  i.e.,  the  solvent,  acts  just  as  the  glass  in  a 
Xeyden  jar  and  prevents  the  ions  from  neutralizing  their 
charges.  The  greater  the  dielectric  constant,  then,  the 
greater  the  amount  of  free  ions  which  may  exist  in  the 
solution.  This  connection  between  the  dielectric  constant 
and  dissociation,  as  found  by  electrical  and  other  means, 
may  be  considered  as  very  strongly  confirmatory  of  the 
theory  of  dissociation  into  charged  components  or  ions. 

The  electrical  behavior  of  substances  in  many  non- 
aqueous solvents  is  very  different  from  that  in  water, 
and  it  is  difficult  from  our  present  knowledge  to  see  how 
they  can  be  governed  by  the  same  laws.  For  examples  in 
some  cases  the  equivalent  conductivity  does  not  attain 
a  maximum  constant  value,  but  after  attaining  a  maxi- 
mum decreases  with  further  dilution;  and  the  degree  of 
ionization  determined  electrically  does  not  in  all  cases 
agree   with   that   determined   by   the   boiling-point,   for 

*  21eit.  f.  phys.  Chem.,  30,  i,  1899. 
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instance.  Further  than  this,  the  conductivity  cannot  in 
all  cases  be  said  to  be  the  sum  of  two  independent 
values,  i.e.,  of  those  of  the  ions. 

We  cannot  but  infer,  then,  from  our  present  knowl- 
edge  that  the  process  of  solution  is  quite  different  for 
these  than  for  water.  Neither  the  Ostwald  nor  any 
other  form  of  a  dilution  law  seems  to  hold  in  these  cases. 
In  other  words,  the  electrical  behavior  of  these  is  in- 
explicable as  yet,  and  until  the  processes  taking  place 
in  such  systems  is  better  understood  little  of  our  data 
can  be  generahzed.  There  is  one  exception  to  all  this, 
however.  Frankhn  and  Kraus  (Am.  Chem.  J.,  23,  27?' 
1900)  have  found  that  dilute  binary  electrol)rtes  i^ 
liquefied  ammonia-gas  give  an  approximately  constant 
value  for  the  Ostwald  dilution  law,  at  least  a  valu^ 
which  very  much  more  nearly  constant  than  that  ol>" 
tained  in  a  water  solution.  For  concentrated  solution^ 
in  the  same  solvent,  see  Franklin  and  Kraus  (J.  Am- 
Chem.   Soc,  27,  191,  1905). 

The  behavior  of  metallic  sodium  in  Uquefied  anr^' 
monia  (Cady,  J.  Phys.  Chem.,  i,  707,  1897,  and  Franklii^ 
and  Kraus,  1.  c,  p.  306)  is  very  peculiar,  for  the  con-' 
duction  is  apparently  more  metallic  than  electrolytic^- 
No  products  of  decomposition  are  observed  and  ihetr^ 
is  no  polarization,  while  the  conductivity  is  exceedinfl^^ 
high. 

Among  the  tables  at  the  end  of  this  book  will  be  fov.r?^  — 
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one  giving  the  conductivities  of  substances  in  various 
non-aqueous  solvents,  from  wiiicii  an  idea,  at  any  rate, 
may  be  obtained  as  to  their  relations  toward  the  electric 
current. 

g6.  The  conductivity  of  mixtures  of  substances  having 
an  ion  in  common. — The  conductivity  of  a  solution  con- 
taining two  substances  with  an  ion  in  common  can  be 
readily  shown  ta  be  given  by  the  formula 


where  Vi  and  V2  are  the  volumes  of  the  two  simple  solu- 
tions which  are  mixed,  i.e.,  v\+V2  is  the  total  volume 
of  solution  containing  ni+n^  equivalents  of  the  two 
substances,  ai  and  a2  are  the  degrees  of  ionization  of 
the  substances  in  the  mixture,  A^\  and  A^2  ^"^^  the 
equivalent  conductivities  of  the  two  substances  in  a 
simple  solution,  and  f  is  the  ratio  of  the  volume  of  the 
mixture  to  the  sum  of  the  constituent  volumes. 

For  the  freezing-point  of  such  a  mixture,  in  an  analo- 
gous way,  we  have 

A^[MiNi{i+a.i{mi-i))+M2N2(,^+oL2{m2~i))], 

where  m  is  the  number  of  moles  of  ions  produced  from 
otie  original  mole,  Mi  and  i/g  are  the  molecular  depres- 
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sions  (p.  175)  in  i  liter  of  •  the  simple  solutions  and  iV"i 
and  iV2  are  the  number  of  moles  per  Uter  of  each. 

For  substances  for  which  the  Ostwald  dilution  law 
holds  there  is,  naturally,  no  difficulty  in  determining 
the  terms  ai  and  a2  (p.  306);  and  for  strong  electrolytes 
it  is  also  possible,  although  the  process  is  not  always 
so  simple. 

For  illustrations  of  the  use  of  these  formulas  and 
the  calculation  of  the  values  ai  and  a2  the  reader  must 
be  referred  elsewhere,*  for  it  would  lead  us  too  far  io 
consider  them  in  detail  here.  It  will  be  observed,  how- 
ever, that  it  is  assumed  in  the  above  formula  that  A^i 
and  A ^2  are  not  altered  by  the  mixing,  a  supposition 
which  probably  holds  only  for  solutions  weaker  than 
0.5  normal. 

Noyes  and  Kohr  (J.  Am.  Chem.  Soc,  24,  1145-1146) 
1902)  give  an  example  of  the  calculation  of  the  degree  of 
ionization  of  such  substances  when  mixed,  which  is 
l)ased  upon  another  principle  and  somewhat  simpler  than 
the  other  methods.  The  principle  upon  which  this  de- 
termination is  based  is  as  follows:    The  dissociation  01 

• 

a  substance  in  the  presence  of  another  with  an  ion  11^ 
common  is  that  which  the  conductivity  measurements 
show  it  to  have  when  it  is  alone  present  at  aconcentra- 

*  See  MacGregor  (Trans.  Nova  Scotia  Inst,  of  Science,  9,  loi,  189^^' 
Barnes  (ibid.,  10,  124,  1900);  Archibald  (ibid.,  9,  291,  1898;  also  Trans- 
R.  S.  of  Can.  (2),  3,  89,  1897);  and  Schrader  (Z.  f.  Elektrochem.,  3' 
498,  1897). 
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tion  of  its  ions  equal  to  the  square-root  of  the  product  of 
the  concentration  of  its  ions  in  the  solution  of  the  mixed 
salts.  This  principle  was  demonstrated  by  solubility 
experiments  (Noyes  and  Abbott,  Zeit.  f.  phys.  Chem., 
i6,  138,  1895). 

It  was  found  there  thai  }or  tlwse  substances  which  do 
nol  follow  the  Oslwald  dilution  law  the  concentration 
oj  the  un-ionized  part  of  a  salt  has  the  same  value, 
when  the  product  0}  the  concentrations  0}  its  ions  has 
llie  same  value,  whatever  may  be  the  two  separate  jactors 
oj  that  product.  In  a  mixture  of  potassium  chloride  and 
potassium  hydroxide,  for  example,  where  the  former 
is  0.0033  molar  and  the  latter  0.35,  we  first  assume 
the  ionization  to  be  85'"l.  for  each  (as  an  approximation). 
The  product  ck-  Xcq'  then  has  the  approximate  value, 
(°-3S  +  o-oo33)Xo.85Xo.oo33Xo,85.  The  square  root 
of  this  quantity  (cr  0.030)  is  then  85%  of  the  concen- 
tration (0.0355)  of  pure  potassium  chloride  at  which  the 
degree  of  dissociation  is  the  same  as  it  is  in  the  solution 
"f  the  mixed  potassium  sahs.  The  degree  of  dissociation 
Is  then  to  be  ascertained  from  a  plot  of  the  molar  con- 
ductivity values.  For  potassium  chloride  in  this  way  we 
fiad  a  to  be  0.90;  and  by  the  same  procedure  a  for  the 
K.OH  is  found  to  be  84'^.. 

In  mixtures  of  substances  without  an  ion  in  common, 
the  same  general  formula  for  the  conductivity  and  freez- 
ing-point (p.  419)  is  also  to  be  employed.     Here,  how- 


\ 
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ever,  there  may  be.  a  reaction  between  the  substances 
which  would  give  rise  to  a  new  substance.  In  such  a 
case,  this,  also,  must  be  considered,  and  treated  just  as  the 
others.  All  these  things  also  hold  for  mixtures  of  more 
than  two  substances,  although  in  such  cases  the  calcula- 
tion is  considerably  more  complicated  (see  MacGregor, 
Trans.  Roy.  Soc.  Can.  (2),  2,  65,  1896). 

C.    Electromotive  Force. 

97.  Determination  of  the  electromotive  force. — ^In  all 

the  cases  we  are  to  consider  in  this  section  it  is  neces- 
sary that  the  electromotive  force  be  measured  by  aid 
of  the  compensation  method,  i.e.,  that  as  little  actual 
current  be  taken  from  the  cell  as  is  possible. 

As  the  basis  of  such  methods  is  a  known  and  con- 
stant electromotive  force,  the  standard  cell  is  an  ex- 
ceedingly important  part  of  the  measurement.  The 
standard  cells  in  general  use  in  this  work  are  of  two 
kinds,  one  of  which  has  a  fixed  constant  value,  while 
the  other  may  be  made  up  in  such  a  way  as  to  give 
one  of  several  values. 

The  former  one  is  the  Clark  cell,  Fig.  15,  which  con- 
sis  s  of  amalgamated  Zn  in  a  paste  of  ZnS04  and  Hg 
in  a  paste  of  Hg2S04.  This  cell  gives  an  ^.M.F.  equal 
to 

1.4328  — o.ooii9(/  — 15)  —0.000007  (/  —  1 5)2. 
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Another  stuidard  cell  in  common  use  is  the  cadmium 
element   (Weston),    This  is  made  up  with  electrodes 


Fig.  15, 
of    mercury  and   cadmium   amalgam   according  to   the 
following  scheme,  the  Hg  being  the  positive  pole: 

Hg-HgsSOi  +  CdSOi 

sat.  CdS04+crystals 
CdSOi-Cd  amalgam. 

The  electromotive  force  of  this  cell  is 

1.0186+0.00004(20—0  volts. 

The  Helmholtz  element,  Fig.  16,  consists  of  ama,^- 
mated   Zn  in  ZnCU  solution  (sp.  gr.  =1.409  at   15"), 
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calomd,  and  Hg.  This  gives  an  E.M.F.  approximatdy 
equal  to  i  volt,  but  its  exact  value  depends  upon  the 
sp.  gr.  of  the  ZnCl2  solution  so  that  it  must  always  be 
measured  by  comparison  with  a  Western  or  Clark  de- 


Ztne 


CaUmd 


ment.  Its  great  advantage  is  its  very  small  tempera- 
ture coefficient,  which  at  low  temperatures  is  negligible.* 
98.  T3rpes  of  cells. — Cells  are  either  reversible  or 
non-reversible,  according  as  the  process  may  be  reversed 
or  not.  A  reversible  cell  can  always  be  put  in  its  orig- 
inal condition  again  by  sending  a  current  through  it  in 
the  opposite  direction,  while  with  a  non-reversible  cell 
this  is  not  possible.  A  typical  reversible  cell  is  the 
Daniell,  where  we  have  Cu  in  CUSO4  and  Zn  in  ZnSOv 


*  For  further  details  of  these  measurements,  cells,  etc.,  see  Ostwald  s 
Physico-chemical  Measurements,  Macmillan. 
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The  Zn  dissolves  and  Cti  is  precipitated  during  the 
action,  but  by  passing  a  current  through  it  from  Cu 
to  Zn  the  Zn  is  precipitated,  while  Cu  is  dissolved,  until 
the  original  state  is  again  reached. 

A  non-reversible  cell,  on  the  other  hand,  is  any  one 
from  which  a  gas  is  given  off,  for  the  passage  of  the 
current  cannot  cause  the  gas  to  recombine.  Here  we 
shall    consider   principally    the    reversible    type. 

99.  The  chemical  or  thermodynamical  theory  of  the 
cell. — The  simplest  theory  of  the  action  of  a  reversible 
cell  was  advanced  by  Helmholtz  and  Thomson.  Accord- 
ing to  this,  the  chemical  energy  of  the  process  is  trans- 
formed completely  into  electrical  energy.  This  theory  in 
the  form  in  which  it  was  advanced,  however,  has  proven 
to  be  incorrect,  for  it  holds  only  for  the  Daniell  cell.  The 
explanation  of  the  variation  in  the  case  of  other  cells 
was  offered  by  Gibbs  and  Helmholtz  independently,  who 
proved  it  to  be  due  to  the  temperature. 

Assume  a  reversible  primary  cell  in  which  the  amount 
of  heat  q  is  liberated  or  absorbed  when  one  equivalent 
of  the  ions  has  been  carried  from  one  side  to  the  other. 
Imagine  this  cell  in  a  temperature-bath  so  that  the  cell 
remains  al  constant  temperature,— i.e.,  if  heat  is  ab- 
sorbed it  is  replaced,  or  if  heat  is  liberated  it  is  removed 
- — thus  preventing  g  from  causing  a  change  in  tem- 
perature. 


J 


1 

I 
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It  is  quite  evident,  if  the  chemical  energy  of  a  reaction        ] 
is  being  transformed  completely  into  electrical  energ>'> 
and  no  heat  is  either  evolved  or  absorbed  as  the  reaction 
progresses,  that  the  chemical  energy  (expressed  as  heaO 
transformed   is  equivalent  to  the  electrical  energy  pro-  ■ 
ducedj  i.e.,  I 

If  the  reaction  evolves  or  asborbs  heat,  however,  it  wi^ 
be  necessary,  if  the  temperature  is  to  be  kept  consta.i*'*! 
to  remove  or  supply  heat  to  the  system,  and  it  is  clear  tt»-^' 
this  will  involve  either  a  decrease  or  increase  in  the  elec- 
trical  energy  produced.    In  short,  in  addition  to  Ec,   'V^^  I 
must  know  the  effect  of  this  absorbed  or  liberated  he  a*  a 
upon  the  electrical  energy,  if  the  total  amount  produc*^  I 
by  the  cell  is  thus  to  be  calculated.     This  can  be  calcu-    | 
lated  by  the  following  ideal  cyclic  process:   Heat  the  cell 
from  the  temperature  T  to  T+JT.    The  electromotive 
force  will  then  go  from  rr  to  tt  +  '^t.     The  cell  is  now     i 
allowed  to  nm  until  the  amount  of  current  £o  has  been      J 
developed.     In  order  that  the  eel!  may  be  retained  at  this      I 
constant  temperature  the  heat  j  +  Jymust  be  absorbed,      I 
and  the  electrical  work  done  by  the  cell  will  be  £u(;y+i';)- 

Next  cool  the  cell  again  to  T,  where  the  electromotive 
force  is  n  and  send  the  amount  of  current  ^o  through  it 
in  the  opposite  direction,  thus  doing  the  electrical  work 
Heat  equal  to  q  must  be  removed  to  keep  the  tem- 
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p)erature  constant  at  this  point,  and,  provided  the  cell 
is  reversible,  all  will  again  attain  its  original  condi- 
tion. 

The  total  work  involved  in  the  cycle  of  operations  is 
eo(7t  +  An)—B{f:y  i.e.,  bqAt:,  and  the  amount  of  heat  Aq 
has  been  transformed  into  work,  hence  by  the  2d  law 
of  thermodynamics  (p.  58)  we  have 


Aq     So  At:     AT 
a        a         T 


An 
i.e.,  c=  eo-^ 


AT' 


and  the  correct  relation  between  the  chemical  and  elec- 
trical energies  becomes 

An 

Ee  =  71  $0  =  Ec  +  SqT-Tj? 


or 


The  electrical  energy  producable  from  chemical  energy 
is  equal  to  tlie  heat  of  the  chemical  reaction,  expressed  in 
electrical  units,  plus  the  temperature  times  the  temperature 
coefficient  of  the  electrical  energy,  which  may  he  either 
positive  or  negative. 
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The  actual  E.M.F.,  ;r,  is  only  equal  to  that  calculate^:^ 

from  a,e  chemical  energy  when  ^-o.  i.e.,  for  fc=^ 
the  E.M.F.  does  not  change  with  the  temperature.  OthcEr  ^:=r- 
wise  TT  is  smaller  or  greater  than  — ^  according  as  T-t=^=: 

is  negative  or  positive. 

The  Daniell  cell  has  such  a  small  temperature  coeSB- 
cient  that  the  electrical  energy  is  neiarly  equal  to  tfcie 
chemical  energy.  For  other  cells  it  is  possible  to  det^^- 
mine  the  temperature  coefficient,  and  thus  from  tfc».e 
chemical  energy  to  calculate  the  E.M.F.  of  the  ceJJ- 
The  results  by  experiment  and  calculation  agree  in  m(p^^ 
cases  within  the  experimental  error,  showing  that  tlii^ 
conception  of  the  process  is  correct.  We  see,  then,  th^'^ 
the  amount  of  heat  generated  by  the  chemical  proce^^ 
is  no  criterion  of  the  amount  of  electrical  energy  involved^ 
for  heat  which  is  absorbed  from  the  environment  ma^y 
also  be  transformed  into  electrical  energy,  and  in  oth^^r 
cases  less  heat  may  be  transformed  into  electricity  thsLn 
is  given  up  by  the  chemical  process. 

An  example  of  the  appUcation  of  this  formula  is  giv^^D 
by  the  Grove  gas  cell.     Here 

71=1.062     and    £c  =  34200, 
hence 

34200  ,  ^dn      .  dn 

1.062  =  ^^ \-T-p^y     I.e.,     Ty7f.= -0.41SV, 

23 1 10        dT  dT  ^ 
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place  of  —0.416,  as  found  by  experiment.  The  value 
1 10  here  is  obtained  from  96540X0.2394X7:  =  231  iott 
s.,  and  is  the  work  in  calories  necessary  for  the 
position  of  i  gram  equivalent  of  any  substance  at 
--olts. 

too.  The  osmotic  theory  of  a  cell. — Considering  a 
I  from  the  standpoint  of  our  conclusions  respecting 
:  nature  of  electrolytes  in  solution,  it  is  possible  to 
more  clearly  into  the  cause  of  the  rise  of  a  difference 
potential  between  two  solutions  or  a  metal  and  a 
Lition. 

Vssume  that  we  have  two  solutions  in  contact,-  and 
't  they  contain  the  same  monovalent  ions  in  different 
icentrations.  The  difference  of  potential  existing  on 
ij  boundary  can  be  calculated  by  aid  of  the  following 
^cess  of  reasoning:  If  Ua  and  Uc  are  the  mobiUties  of 
■  respective  ions,  then,  by  the  passage  of  96,540  cou- 
ils  of  electricity,  the  following  changes  take  place: 
the  current  enters  on  the  concentrated  side  and  passes 

Ough  both  solutions,  jz — ^  gram  equivalents  (moles) 
positive  ion  will  go  from  the  concentrated  to  the  dilute 
Ution,  and  during  the  same  time  jj  ^jj  ■  gram  equiva- 

^ts  (moles)  of  negative  ion  will  go  from  the  dilute  to  the 
ncentrated  side.  Let  p  be  the  osmotic  pressure  of  the 
^sitive  and  negative  ions  in  the  concentrated  solution, 
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and  p^  that  of  those  in  the  dilute  solution.    The  ma*' 
mum  work  to  be  done  by  the  process,  then,  will     ** 

(P-  407), 


in 


and  this  must  be  equal  to  e^  for  the  process  going 
this  way,  i.e.,  to  the  electrical  work  done  at  the  surfa  -^e 
of  contact  of  the  two  solutions.     Since  i?  is  in  calori  ^ 
this  value  will  also  be  expressed  in  calories.    To  \x^xm-^^ 
form  it  into  electrical  units  it  is  only  necessary  to  divicJe 
through  by  23,110.     This  relation  was  derived  and  test^?d 
experimentally  by  Nemst  (Zeit.  f.  phys.  Chem.,  4,  i^Q, 
1888),  who  found  it  to  hold  true  within  the  experimentai 
error. 

If  Uc  is  greater  than  Ua  we  could  expect,  then,  that 
a  weaker  solution  of  an  acid  or  base,  when  superim- 
posed on  a  stronger  one,  would  show  the  polarity  of  the 
faster  moving  ion.  In  other  words  in  dififusing  through 
the  solution  the  faster  ion  would  impart  its  polarity  to 
the  weaker  solution.  With  acids,  indeed,  we  do  observe 
that  the  dilute  solution  is  positive,  while  with  bases  it  is 
negative;  and  this  is  in  accord  with  our  previous  observa- 
tions that  H*  and  OH'  are  the  ions  possessing  the  greatest 
mobility  or  velocity.  This  process  does  not  result  ^ 
a  complete  separation  of  the  ions  nor  even  in  more  than 
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^eiy  slight  one,  for  it  must  be  remembered  that  the 
>  kinds  of  electricity  attract  one  another,  the  conse- 
*rice  of  which  is  that  the  speed  of  the  faster  moving 
s  is  decreased,  while  that  of  the  slower  is  increased. 
This  same  method  of  reasoning  will  also  enable  us 
understand  the  action  of  the  arrangement 


centrated       amal- 
im  of  the  metal  M. 


Water    solution  of    a  I  Dilute  amalgam  of  the 
salt  of  the  metal  M.       metal  M. 


this  case  the  passage  of  96,540  coulombs  will  cause 
;ram  equivalent  of  the  metal  M  to  go  from  the  con- 
trated  side  to  the  dilute,  and,  if  there  are  tiv  equiva- 
ts  to  the  mole,  the  maximum  work  per  equivalent 
I  be 

~RT  log  A 

-re  Ci  and  C2  are  the  concentrations  of  the  metal  M 
he  amalgams.  Again,  here,  if  this  expression  is  so 
isformed  as  to  give  electrical  units  instead  of  calories, 

division  by  23,110  (i.e.,  96,540X0.2394),  it  will 
^  the  value  of  tt  the.  electromotive  force  of  the  cell 
rating  in  this  way. 

^d  the  same  is  true  for  cells  with  electrodes  of  the 
i.e  soluble  metal  and  two  concentrations  of  a  solution 
a  salt  or  salts  of  that  metal.     Consider,  for  example, 

cell 
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Cu 


dilute 
CUSO4 


concentrated 
CUSO4 


Cu. 


By  passing  a  current  through  this  cell  in  the  direction 
of  the  arrow  the  following  changes  will  take  place: 

1.  For  each  96,540  coulombs  of  electricity  i  gram 
equivalent  of  copper  will  dissolve  from  the  electrode  in 
the  dilute  solution,  i.e.,  will  be  transformed  from  the 
metallic  to  the  ionic  state. 

2.  At  the  boundary  of  the  two  solutions  the  process 
described  above  will  take  place;  and 

3.  One  gram  equivalent  of  Cu"  ion  will  be  deposited 
from  the  concentrated  solution  upon  the  electrode. 

As  the  result  of  processes  (i)  and  (3)  i  gram  equiva- 
lent of  Cu**  ion  will  go  from  the  concentrated  to  the 
dilute  solution.  The  maximum  work  of  this  process, 
then,  for  each  96,540  coulombs  will  be 

RT         pi 

where  n  is  the  valence  of  the  metal  and  pi  and  p2  are  the 
osmotic  pressures  of  the  Cu"  ion  in  the  two  solutions. 

By  the  second  process  (contrast  with  direction  of  cur- 
rent in  the  case  above)  we  have  as  the  work 

RT   U„-U,        p, 
n,     U^  +  V,^'Pi 


ELECTROCHEMISTRY.  433 

This  second  value  is  usually  so  small,  when  compared 
to  the  other,  that  it  may  generally  be  neglected,  and  the 
two  diflFerences  of  potential  between  the  electrodes  and 
the  solutions  measured  separately. 

Neglecting  the  diflFerence  of  potential  between  the 
liquids,  then,  we  have 

RT.       pi 

7:  = log.  7-» 

or,  including  the  potential  difference  between  the  solutions, 

RT   _2Ua_.  pi 

''^^o'Ua+Ur^''P2' 

i.e.,  the  sum  of  the  two,  where  R  must  be  given  in  electri- 
cal units,  if  TT  is  to  be  expressed  in  volts. 

By  separating  the  amount  of  work  — -  log,  7-  into  two 

">v  p2 

jx>rtions,  so  that  each  will  give  the  maximum  work  at 
an  electrode,  we  can  ^frrite 

RT         ^_RZi      L 
fheo  p2     nvso  ^^'  p\^ 

-where  P  is  a  constant  for  any  one  metal  at  the  same 
temperature,  in  the  same  solvent,  and  is  called  the  electro- 
lytic solution  pressure.    The  portions  containing  the  ex- 

P 
pressions  log,  -r  will  then  give  the  difference  of  potential 
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it 


of  copper  in  dilute  copper  sulphate  and  copper  in  co; 
centrated  copper  sulphate. 

The  electrolytic  solution  pressure  assumed  to  exist 
this  way  is  analogous  to  the  ordinary  solution  press 
which  we  have  already  considered,  except  in  this  case 
is  for  the  solution  of  a  metal  or  any  other  element,  i. 

is  the  pressure  with  which  element  tends  to  attain  tic le 

ionic  state. 

When  we  consider  a  stick  of  metal  in  a  solution  (^^  of 
one  of  its  salts,  we  have,  if  P  is  the  electrolytic  soluticr  ^n 
pressure  and  p  is  the  osmotic  pressure  of  the  metal  \r  am 
in  the  solution,  three  possibilities: 

1.  P^p. 

2.  P>p, 

3.  P<P' 


The  behavior  in  these  three  cases  we  shall  consider. 

1.  P=p.     We  shall  observe  no  action,  since  the 
opposing  pressures  are  equal  and  consequently  cancel. 

2.  P>p,     This  is  the  case  with  Zn.     Zn"   ion  w 
go   from   the   electrode   into   the   solution,    taking  wi 
it  positive  electricity.     This  will  takeplace  only  to 
very   slight   deigrce^for   it   would  increase   the  posip[ 
charge  of  the  solution.     This  positive  matter  around  t 
electrode  will  then  be  attracted  back  to  the  plate,  whici 
is  negatively  charged  owing  to  the  loss  oi  positive  1022. 
We  have  then,  finally,  the  metal  negative  against  the  solu- 


0 


ill 


le 
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n,  and  the  electrode  surrounded  by  what  is  known  as 
3!elmholtz  double  layer,  in  this  case  a  layer  of  positive 
L  on  a  negative  plate.  If  positive  electricity  is  given 
w  to  the  metal,  the  double  layer  is  broken  up  and 
)re  Zn  will  go  into  solution  in  the  ionic  form,  but  as 
>n  as  the  current  is  stopped  the  double  layer  will  again 
formed. 

J.  P<p.  This  is  true  for  Cu.  A  stick  of  copper 
a.  solution  of  one  of  its  salts  will  have  Cu"  ion  from 
'  solution  deposited  upon  it,  since  the  pressure  toward 
-  Cu  is  greater  than  that  away  from  it.  This  Cu" 
-es  positive  electricity  with  it,  consequently  the  metal 
positive  against  its  solution.    The  double  layer  will 

0  be  formed  here,  for  the  positive  charge  on  the  metal 

1  attract  negative  ion  from  the  solution.  In  this  case, 
KVever,  the  double  layer  will  be  broken  up  when  elec- 
-ity  is  conducted  away  from  the  Cu,  so  that  the  Cu" 
»^  will  again  precipitate  and  continue  to  do  so  until 
*-P,  when  all  action  will  cease.  Since  i  gram  equiva- 
t^t  of  any  ion  carries  with  it  96,540  coulombs  of  elec- 
-ity,  the  amount  of  metal  going  in  or  out  of  solution 
ty  be  infinitesimal  and  still  cause  the  production  of  a 
-asurable  amount  of  electricity. 

The  relations  of  Cu  and  Zn  in  their  respective  solu- 
►tis  are  shown  in  Fig.  17. 

The  double  layer  is  formed  on  both.  Until  the  Cu 
td  Zn  are  connected  by  a  wire  the  equilibrium  as  it 
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is  will  be  undisturbed.  When  they  are  connected 
current  will  go  through  the  wire  from  Cu  to  Zn,  i-  - 
Zn"  ion  will  go  into  the  solution,  depositing  an  equiw 
lent  amount  of  Cu"  ion  upon  the  copper  plate.  TJ 
electromotive  force  will  then  depend  on  the  differen.^ 
between  the  two  values  of  P,  if  ^  is  the  same  on  bol 


Fig.  17. 


Fig.  18. 


sides,  and  the  amount  of  current  will  depend  upon  t1 
number  of  gram  equivalents  of  Zn  dissolved  and  of  C 
precipitated. 

The  value  of  the  osmotic  counter-pressure,  it  will  1 
seen,  regulates  the  behavior  of  the  metal,  i.e.,  indicat- 
whether  it  will  dissolve  or  not.  Thus  Cu  and  Ag  di 
solve  when  KCN  is  added  to  their  solutions;  this  mean 
that  the  osmotic  pressure  of  the  ions  of  Ag*  or  Cu"  i^- 
*he  solution  is  smaller  than  the  solution  pressure,  for  th# 
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Cu*'  or  Ag*  ions  combine  with  CN'  to  form  a  complex 
ion  and  are  thus  removed  from  the  system. 

The  presence  of  a  layer  of  ion  around  the  charged 
metal  has  been  proven  by  Palmaer  (Wied.  Ann.,  18,  257, 
1899)  by  an  arrangement  shown  in  Fig.  18. 

Drops  of  mercury  are  allowed  to  fall  into  a  weak 

solution    containing    mercurous    ion,    metallic    mercury 

being  in  the  bottom  of  the  tube  containing  the  solution. 

If  now  the  double  layer  theory  is  true,  the  drops  of  Hg 

as  they  form  should  have  the  electricity  of  the  Hg  2  ion 

deposited  upon  them,  and  these  positively  charged  drops 

should  then   attract  negative  ion,  forming  on  each   a 

double  layer.    When  such  a  drop  reaches  the  mercury 

at  the  bottom  it  will  unite  with  that,  forming  once  more 

icms  of  Hg2  and  releasing  those  of  the  negative  radical, 

and  the  concentration  of  mercury  salt  will  be  greater  at 

t^^    bottom  than   at   the  top.      Palmaer's   experiments 

showed  this  difference  in  concentration  to  actually  exist. 

Experiment  has  shown  that  the  metals  Na,   K .  . . , 

^^^•>  up  to  Zn,  Cd,  Co,  Ni,  and  Fe  are  always  negative 

^S^inst  their  solutions,  i.e.,  P>  p. 

The  noble  metals,  on  the  contrary,  are  positive  against 
tueir  solutions,  although  in  some  few  cases  it  is  possible 
^^   get  a  solution  in  which  P>p,     In  general,  though, 
^^^  the  noble  metals  P<p, 

A  negative  element  has  exactly  the  same  action  except 
^t,  in  general,  as  far  as  is  known,  P>p,    Here,  although 
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P>p,  the  electrode  is  positive  against  the  solution,  for 
the  negative  ion  formed  from  the  electrode  leaves  posi- 
tive electricity  behind. 

In  general,  the  electrolytic  solution  pressure  depends 
upon  the  temperature,  the  nature  of  the  solvent,  and 
the  concentration  of  the  substance  in  the  electrode  (see 
p.  422). 

1 01.  Mathematical  expression  of  the  osmotic  theory  of 
the  cell. — It  is  possible  from  the  above  conception  of 
solution  pressure  to  derive  the  formula  giving  the  value 
of  the  E.M.F.  of  a  single  electrode  of  any  metal  in  a  solu- 
tion of  one  of  its  salts.  This  will  depend  upon  the  osmotic 
pressure  of  the  metal  ions  working  in  the  one  direction 
and  upon  the  electrolytic  solution  tension  w^orking  in 
the  other.  Since  the  ion  goes  from  one  pressure  to  the 
other,  a  certain  amount  of  work  is  done  and  this  amount 
must  always  be  the  same  no  matter  in  what  form  it 
appears,  i.e.,  whether  electrical  or  osmotic. 

When  I  mole  of  ion  is  transferred  from  the  pressure 
P  to  the  pressure  p,  the  osmotic  work  done  is  equal  to 


r-?=-/;f. 


from  which,  by  integration,  we  obtain 


RT  log,  |, 
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The  corresponding  electrical  work,  however,  is  ;reo, 
where  n  is  the  diflFerence  of  potential  between  the  metal 
and  solution  and  eo  is  the  amount  of  electricity  carried 
by  I  gram  equivalent  of  ions.    We  have  then 


;reo=i?riog,— , 

r 


or 


RT,       P 


from  which  we  see  that  ii  P=p,  7:=o. 

€0  for  I  mole  of  a  monovalent  ion  (i.e.,  for  i  equiva- 
lent) is  equal  to  96,540  coulombs.  We  must,  however, 
express  both  sides  of  the  equation  in  electrical  imits. 
Since  R=2  cals.,  the  right  side  of  the  equation  must  be 
divid^  by  0.2394  in  order  to  obtain  our  result  in  electri- 
cal xmits.    We  have  then 


2  P 

o6,S4oX7r(volts)  = T  log  --, 

^'^^        ^  0.4343X0.2394        ^  p' 


or 


P 

;r =0.0575  log—  volts  at  17°  C. 
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For  a  divalent  element  we  must  multiply  eo  by  2; 
hence  if  n^  is  the  valeace  of  the  metal,  we  have 


0.0002^,      P     , 

7t — ^r  log -volts, 


or  for  negative  ions 

0.0602  P    0.0002  p 


n—  — 


TiT  ^  '°s  ^  =~^  ^  ^°^  P  ''°^*'" 


If  we  consider  a  cell  composed  of  two  metals,  each 
present  in  a  solution  of  one  of  its  salts,  the  difference 
of  potential  may  arise  (i)  at  the  place  of  contact  of 
the  two  metals,  (2)  at  the  place  of  contact  of  the  two 
solutions,  and  (3)  and  (4)  at  the  points  of  contact  of 
the  two  electrodes  with  their  solutions.     The  first  can 
be  entirely  neglected  provided  the  temperature  remains 
constant.     The    second,  as  was    mentioned    above,    is 
always  small,  so  that  we  shall  have  to  consider  here  only 
(3)  and  (4),  assuming,  when  necessary,  that  the  value  has 
been  determined  as  on  page  441.    At  17°  the  E.M.F.  of 
the  cell  will  be,  then, 


0-05.75  i_^i     0.057s,  _P2 

V. 


7r  =  (;ri  -7:2)  =—^  log  t"  --^iT—  log  —  volts, 


1 


the   minus   sign   being   used   because   a  ion    is  formed 
on  the  one  side,  and  consequently  must  disappear  upon 
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the  other,  for  there  must  always  be  an  equivalent  amount 
of  positive  and  negative  ions  in  the  solution. 

t02.  The  measurement  of  the  potential  difference  be- 
tween a  metal  and  a  solution. — Tiic  method  in  use  for 
the  determination  of  differences  of  potential  is  based 
upon  the  use  of  a  normal  electrode,  i.e.,  an  electrode  in 
a  solution  of  one  of  its  salts,  of  which  the  potential  dif- 
ference is  known.  Making  up  a  cell  by  combining  this 
electrode  with  the  one  to  be  measured,  it  is  possible, 
from  observadons  of  the  resulting  electromotive  force, 
to  find  the  value  o£  the  unknown  potential  difference. 
The  original  measurement  of  the  potential  difference  of 
the  normal  electrode  was  made  by  forming  a  cell  with 
this  and  another  electrode,  having  a  potential  of  zero 
against  its  solution.  The  electromotive  force  of  this 
combination,  then,  is  identical  with  the  potential  dif- 
ference to  be  found.  Such  an  electrode  with  zero  poten- 
tial is  formed  when  mercury  flows  into  a  solution  of 
an  electrolyte  (KCl),  for  any  differences  of  potential 
existing  between  the  mercur)'  and  solution  must  eventu- 
ally be  eliminated  by  the  continually  dropping  mercury. 
The  electrodes  in  general  use  are  made  up  according 
to  one  of  the  two  following  schemes: 


HgCl  in  molar  KCl/Hg, 
HgC!  in  O.I  molar  KCl/Hg; 


i 
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the  former  giving  a  difference  of  potential  of  -o. 
volt,  the   latter  of  —0.0613,  both  at  18®.    The  sign 
each  case  here  refers  to  the  solution,  i.e.,  the  solution 
negative  against  the  metal. 

Fig.  19  shows  the  form  of  the  cell.    The  syphon  tu 
is  so  arranged  that  it  is  always  kept  full  of   the  K 


'?^^^^ 


Fig.  19. 


solution.  This  dips  into  the  liquid  of  the  other  electrod 
provided  they  form  no  precipitate.  In  case  they  do,  ^ 
molar  solution  of  KNO3  is  used,  into  which  the  siphot^^ 
from  the  two  electrodes  dip.  The  advantage  of  usin-^ 
KNO3  as  a  connector  is  that  the  mobilities  of  the  K'-^n-^^ 
NO3'  ions  are  nearly  the  same;  hence  the  passage  of  tta-^ 
current  produces  no  change  in  the  concentration  at  tli-^ 
two  sides  and  consequently  gives  rise  to  no  difference  c^^ 
potential. 


ELECTROCHEMISTRY.  445 

hence  the  copper  must  be  more  positive  than  the  Hg 
by  0.585  volt. 

103.  The  heat  of  ionization. — Knowing  the  difference 
of  potential  existing  between  a  metal  and  a  solution,  and 
its  rate  of  change  with  a  variation  in  the  temperature, 
it  is  possible  from  the  formula  on  page  427  to  lind  the 
heat  of  ionization  of  the  metal.     We  found  then  that 


rj!^ 


The  term  Ec,  here,  Is  the  heat  produced  when  i  gram 
equivalent  of  the  metal  goes  from  the  metallic  to  the 
ionic  state,  and  its  value  is  given  by  the  formula 

But  (page  429), 

eoT  =96540X0- 2394XS  volts=33iio?r  cals.; 

hence  the  heat  of  ionization  JE„  for  i  gram  equivalent 
can  be  found  from  the  relation 


k 


=('-4)=. 
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For  copper  in  copper  acetate  (molar)  at  17®,  ;r=o.6, 
and  ^=0.000774,  while  -t=  for  copper  in  copper  sul- 
phate is  0.000757,   ^-^-j    2,n   average   value  of   -r^  of 

0.000766  volts,  hence  £«>  the  heat  of  ionization  of  copper, 
is  8736  cals.  per  gram  equivalent,  or  17,472  cals.  per  mole. 
It  was  in  this  way  that  the  value  for  H  was  detennined 
for  use  in  the  table  given  on  page  232. 

104.  Concentration-cells. — a.  In  which  the  electrodes 
have  different  concentrations. — If  the  electrodes  are  made 
of  two  amalgams  of  the  same  metal  in  salts  of  this  metal 
the  E.M.F.  is  given  by  the  formula 

0.0002^,      Pi     0.0002^,      P2     , 
;r  = T  log  — r  log  77  volts. 

If  the  two  solutions  have  the  same  concentration  of 
metal  ions,  then  pi  =  p2i  and  we  have 


0.0002^,      Pi      , 
7:  =—■ —  T  log  p-  volts, 


when  Pi  and  P2  are  the  electrolytic  solution  pressures 
of  the  two  electrodes  with  respect  to  the  dissolved  metal- 
Amalgams  when  dilute  may  be  considered  as  solutions, 
in  which  the  mercury  acts  as  the  solvent;  consequently 
the  osmotic  pressure  of  the  metal  in  the  amalgam 
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proportional  to  the  electrolytic  solution  pressure  of 
electrode.  Since  in  all  solutions  the  osmotic  pressure 
Proportional  to  the  concentration,  we  may  substitute 
the  electrolytic  solution  pressures  the  proportional 
us,  the  concentrations  of  the  metal  in  the  two  elec- 
ies.    We  obtain  then 


0.0002^,      Ci      . 
7z  =  -^ T  log  —  volts. 

fh  C2 


is  formula  was  proven  experimentally  by  G.  Meyer 

it.  f.  phys.  Chem.,  7,  477,  1891);   see  also  Cady  Q. 

/s.   Chem.,   2,   551-5(54,    1898);    and   Richards   and 

•bes   (Carnegie  Publication  No.   56,   1907),  some  of 

Dse  results  for  zinc  amalgams  in  a  ZnS04  solution  are 

3n  in  the  table  below. 

Table  XVII. 


T 

Cl 

C2 

X  (obs.) 

It  (calc.) 

ii<>.6 

0.003366 

0. 0001 1305 

0.0419  V. 

0.0416  V. 

18°     • 

0.003366 

0.009X1305 

0.0433  V. 

0.0425  V. 

I2°.4  . 

0.002280 

0.0000608 

0.0474  V. 

0.0445  V. 

6o« 

0.002280 

0.0000608 

0.0520  V. 

0.0519  V. 

lie  results  obtained  by  Meyer  also  proved  the  formula 
lold  copper  for  amalgams  in  CUSO4,  etc.,  solutions. 
Ve  have  assumed  the  metals  to  dissolve  in  mercury  as 
abtomic  molecules  in  this  ciase,  and  the  assumption 
ipheld  by  our  results,  not  only  by  this  method  but  also 
3thers. 

f  Zn  had  been  present  in  the  form  of  diatomic  mole- 
5s  in  the  mercury,  our  equation  would  have  had  a 
erent  value.    For  the  movement  of  the  same  amount 


I  -  .-         7  J   ■ 


■^     . 
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of  ions  as  before,  we  sbouU  have  hadi  then,  the  osmotic: 
work  equal  to 

I     RT    ,     ci 
»  0-4343    ^3 

and  since  the  electrical  work  would  have  be^  the  same 

« 

as  before,  Le., 

*  • « 

2X96540^, 
we  should  have  had    ' 


n^ ripg—  voltsj 

2       2  *  C2 


i.e.,  the  E.M.F.  would  have  been  one-half  what  we  have 
found  it  to  be. 

The  electromotive  force  is  found,  then,  to  be  de- 
pendent, only  upon  the  concentration  of  the  metal  in 
the  amalgam  and  its  valence,  and  not  upon  the  nature 
of  the  metal  itself.  The  mercury  has  no  efifect  j:o  long 
as  the  metal  dissolved  in  it  gives  the  larger  E..M.F. 

Another  example  of  the  electrodes  having  different 
electrolytic  solution  pressures,  owing  to  dififerences  of 
concentration,  is  given  by  cells  of  the  type  of  the  Grove 
gas-battery  in  an  altered  form.  The  electrodes  are  of 
platinized  platinum,  in  which  the  gas  is  absorbed  under 
diflFerent  pressures,  and  are  placed  partly  in  the  liquid 


BLECTROCMEMISTRV.  449 

ly  in  gas  of  corresponding  (partial)  pressure, 
electrode  is  to  be  considered  as  a  perfectly  revers- 

electrode,*  i.e.,  one  from  which  ions  of  the 
absorbed  as  a  gas  are  given  up,  for  the  metal 
ply  as  a  conductor,  as  has  been  shown  experi- 

by  the  use  of  different  metals,  the  same  result 
A^ays  obtained.  In  this  way  reversible  gaseous 
s  of  all  kinds  can  be  made.  Oxygen  as  an 
,  however,  gives  off  OH'  ion  and  absorbs  O 

OH'  ion  gives  up  its  charges  to  it. 
have  two  electrodes  of  H,  under  different  pres- 

contact  with  a  liquid  containing  H*  ion,  we 
ain  a  certain  E.M.F.  This  may  be  calculated 
/ays,  as  we  did  in  the  case  of  amalgams.  In 
id  way,  however,  the  process  is  slightly  different, 
;  mole  of  H  gas  forms  two  equivalents  of  mono- 
tt  (p.  189).    The  osmotic  work  is  equal  to 

RT^.      Pi 


0.4343        ^2 

i.  The  electrical  work,  however,  which  corre- 
)  this  is  2£o7r,  for  H2=2H*,   hence 

RT        ^^    Pi, 

2£o(o.4343)   ^^  P2' 

ectrolytic  solution  pressure  here  of  the  gas  electrode  is 
il  to  the  nth  root  of  the  gaseous  pressure,  where  n  is  the  niun- 
Dining  weights  in  one  formula  weight  of  gas. 
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i.e.,    we   have    2    in   the   denominator   notwithstanding 
that  the  gas  is  monovalent. 

b.  Different    ionic    concentrations. — In    this    type  of 
cell  we  assume  the  electrodes  to  be  of  the  same  metal, 
but  dipping  into  solutions  which  possess  different  ionic 
concentrations  of  the  metal.     An  example  is  given  by 
the  arrangement 

Ag(AgN03  cone.)  -  (AgNOa  dilute)Ag. 
From  the  general  equation  we  have 


^0        'pi       So        '  p2 


Or,  since  Pi  =P2, 


RT         p, 

^0  p2 


the 


where  p\  is  the  osmotic  pressure  of  the  Ag*  ion  on 
concentrated  side  and  p2  that  on  the  dilute  side. 

From  this  we  see  that  the  E.M.F.  depends  only  ujx^^ 
the  ratio  of  the  concentrations,  and  not  at  all  upon  th^ 
actual  concentrations,  all  of  which  was  found  to  hold 
experimentally  by  Ncmst  fl.  c.  p.  430). 

Since    the    osmotic    pressure    is    proportional  to  the 
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icentration,    we    may    substitute    the    latter   for   the 

■mer;  we  obtain 

RT        ci 
nv£o    ^'  C2 

The  concentration  of  Ag'  ion  in  a  0.0 1  molar  solution 
AgNOa  is  8.71  times  as  great  as  that  in  a  solution 
lich  is  o.ooi  molar  (not  10  times),  hence  the  E.M.F. 
;  18°)  of  a  cell  made  up  of  Ag  in  these  two  concen- 
.tions  of  AgNOa  should  be 

;r  =0.0002X291  log  8.71  =0.054  volt, 
lile  0.055  volt  was  found  by  experiment. 
Since  at  17°  C.  we  have 

n = — loR  —  volts, 

concentration  ratio  of  the  ions  equal  to  10,  would  give 

=0.0575  v^l^  ^^^  ^  monovalent  ion,  or  0.02875  volt  for 

divalent  one. 

This   class   includes   all  cells   made  up   of  solutions 

ataining   different   concentrations   of  metal  ions.    In 

se  the  contact  of  the  two  liquids  causes  the  forma- 

n  of  a  precipitate,  another  solution  is  used  between, 

i  two  being  connected  by  small  siphons. 

X05.  Dissociation  by  aid  of  the  electromotive  force. 

^ce  for  concentration-cells  we  have  the  formula 

t:  = — log  —  volts, 

»t,eoX  0.4343     ^  C2 
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or  for  monovalent  metals 


1     ^1 
log  — = 


C2      O.OOO2T" 

we  can  find  the  ionic  concentration  of  the  metal  on 
the  one  side  provided  that  on  the  other  is  known. 
An  example  of  this  is  the  cell  as  given  by  Morgan: 


Ag  -  ^  AgNOs  -  KNO3  -  £  KAgCN.  -  Ag, 


which  gives  an  E.M.F.  of  0.542  volt,  Ag  in  AgNOs  being 
the  positive  pole. 

If,  for  simplicity,  AgXOa  o.i  molar  is  considered 
as  completely  dissociated,  the  concentration  of  Ag*  ion 
will   be    0.1    molar,  and,  since    7^  =  273  +  17=290®,    we 

have 

ci  0.542 

log  — = — ,     f2  =  3.1X10  ^1; 

^  C2      0.0002  X  290  '      ^     ^  ' 

i.e.,    in   the  w/20  KAgCX2     solution   the     Ag'    ion    is 
present   to   a   concentration   of   3.1X10"^^   molar. 

This  method  was  devised  by  Ostwald,  and  is  one  of 
the  most  delicate  known,  for  the  more  dilute  the  one 
solution  is,  i.e.,  the  smaller  the  concentration  of  its  metal 
ions,  the  greater  is  the  E.M.F.  of  the  cell,  and  the  greater 
the  accuracv  of  the  result. 
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Another  typical  cell  of  this  kind  is 


Ag-  ^AgNOa-KNOa-^KCl  AgCl-Ag, 


-which  was  used  by  Goodwin  to  determine  the  solubility 
of  AgCl. 

In  a  saturated  water  solution  of  AgCl  we  may  assume 
-without  error  that  the  dissociation  is  complete.  The 
solubility  product  will  then  be 

Since  in  a  pure  water  solution  of  AgCl,  Ag'=Cl', 
the  square  root  of  5,  s  being  determined  under  any 
conditions  at  constant  temperature,  will  give  directly  the 
concentration  of  Ag*  (or  CI')  in  the  solution.  And,  if 
complete  ionization  may  be  assumed,  this  is  equal  to  the 
solubility  of  AgCl  under  these  conditions. 

For  example,  if  we  find  the  E.M.F.  of  the  cell 

Ag-AgCl  KCl-AgNOa-Ag, 

where  C(y  on  the  left  and  c^g.  on  the  right  are  known,  we 
can  calculate  c^g.  on  the  left,  and  consequently  s  and  the 
solubility  of  AgCl. 

Goodwin  (Zeit.:  f.  phys.  Chem.  13,  577,  1894)  foui^d, 
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when  the  concentration  of  AgNOa  and  KCl  was  o.i 
molar,  an  average  E.M.F.  of  0.45  voU  at  25°.  By  con- 
ductivity measurements  at  25°  we  find 

a  (for  AgNOsw/io)  =82%  and  a  (for  KCb»/io)  =85%, 
so  that 

°C2      0.0002X298' 

or 

1:2  =  1.94X10"®; 

i.e.,  Ag*  ion  is  present  in  a  o.i  molar  KCl  solution 
of  AgCl  to  a  concentration  of  1.94X10"®  moles  per  Kter. 
The  product  ^  is  then  found  to  be  equal  to 

i.94Xio-®Xo.o85=5  =  i.64Xio"i<^ 
and 

V?=i.28Xio~5; 

i.e.,  AgCl  in  a  saturated  water  solution  at  25°  is  present 
to  a  concentration  of  1.28X10"^  moles  per  liter. 

A  cell  of  this  sort  may  be  arranged  with  bromides, 
iodides,  etc.,  in  place  of  the  chlorides,  which  was  also 
done  by  Goodwin,  and  the  solubihty  of  AgBr  and  Agl 
determined. 

Another  illlustmtion  of  this  method  of  determining 
dissociation  is  furnished  by  Ostwald's  arrangement  for 
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determining  the  dissociation  constant  for  water.  The 
scheme  is  a  gas-cell  in  the  form 

H— Acid Base— H, 

when  the  two  H  electrodes  have  the  same  solution  pres- 
sure. The  E.M.F.  of  such  a  cell,  deducting  the  E.M.F. 
caused  by  the  contact  of  the  two  solutions,  is,  for  molar 
solutions  at  17°  C, 

^=0.0575  log-. 

C2 

Here,  contrary  to  the  case  for  electrodes  of  different 
gaseous   concentration,  the   2   does   not    appear  in  the 

denominator  (page  449),  for  that  factor  simply  refers 

to  the  process  taking  place  between  the  electrode  and 

the  gas.    In  this   case  the   electrodes  remain   constant 

and .  the  same,   and  only  the  osmotic  pressures  of  the 

H*    ion    is  to   be   considered.     By  experiment    tt  =0.81 

volt;    hence,  since  Ci=o.8  (i.e.,  the  normal  acid  is  80% 

dissociated), 

—  =  10^^ 
or 

Since  this  is  the  concentration  (in  terms  molar)  of  the 
H*  ion  in  the  base,  and  the  concentration  of  the  OH'  ion 
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in  contact  with  them  is  0.8,  the  ionic  product  for 
H2O  is 

0.8X0.8X10-1*. 

Since  H2O  dissociates  into  H*  and  OH'  ions,  the  con- 
centration of  H*  and  OH'  ions  in  pure  water  is  the  same, 
and  is  equal  to 


s/  (0.8)2  X 10-14  =0.8  X 10-7  =H*  and  OH'  ions  in  H2O. 

From     the     conductivity    also,    at     this    temperature, 
Kohlrausch  found 

0.8X10-7. 

It  would  be  possible  in  this  case  to  use  oxygen  elec- 
trodes, by  which  the  same  final  result  would  be  obtained, 
but  platinum  black  absorbs  yqtw  little  ox}^gen,  so  that 
the  results  are  not  as  certain  as  with  hydrogen. 

For  the  measurement  of  the  concentration  of  the  ion  of 
mercur\'  the  normal  electrode  serves  as  the  basis.  The 
concentration  of  Hgo  ion  in  the  normal  electrode  has 
been  found  to  be  3.5X10"^^  moles  per  htcr  (Ley  and 
Heimbucher,  /-eil.  f.  Electrochcm.,  10,  303,  1904).    Since 

•  .^^,7     i«v^,  in  tlie  presence  of  metaUic  mercury,  accoro- 

ing  lo  Abel  ^^Zeit.   f.  anorg.  Chem.,  26,  377,  i(pi)/\^^ 
jvssible  to  find  the  concentration  of'Hg"  in  the  normal 
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electrode;  it  is  equal  to  2.9X10"^®  moles  per  liter.  By 
measurements  of  the  electromotive  force  of  a  combination 
of  mercury  in  a  solution  containing  Hg"  or  Hgij  ions, 
with  the  normal  electrode  we  can  thus  determine  the  con- 
centration of  these  ions.  For  further  details  as  to  this,  see 
Sherrill  and  Skowrouski,  J.  Am.  Chem.  Soc,  27,  30,  1905. 
106.  Electrolytic  solution  pressure. — It  is  possible  from 
the  potential  difference  between  a  metal  and  its  salt 
solution  to  calculate  the  solution  pressure  in  atmos- 
pheres.   The  equation  is 


RT  ,      P 


or  at  17® 


TTWp 


^*'s^=5:5^^+^°s^- 


If  we  use  normal  solutions,  p  is  equal  to  22.4  Xf^f 
atmospheres  if  completely  dissociated,  The  pressure  of 
the  ions,  in  case  the  salt  is  not  completely  dissociated, 
^  then  easily  found  (i.e.,  a  X 22.4!^^  atmospheres).  Since 
f  can  be  determined,  the  value  for  P  can  be  found  for 
^  metals.  In  the  table  on  page  458  the  values  in 
atmospheres,  as  determined  by  Neumann,  are  given: 
These  values  it  must  be  remembered  are  merely  sym- 
\    ^lical,  for  the  gas  laws  may  not  be  applied  to  such  an 
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extent.  The  relation  between  these  nximbers,  however, 
are  the  experimentally  determined  relative  effects  of  the 
metals,  as  a  glance  at  the  formula  will  show. 


Table  XVIII. 

SOLUTION  PRESSURE^  OF  METALS. 

TAnc 9-9X lo*®  atmospheres 

Cadmium 2 .  7X10' 

Thallium 7.7X10* 

Iron 1. 2X10*  ** 

Cobalt 1. 9X10®  ** 

Nickel 1 .3X10®  ** 

Lead i.iXio-»  " 

Hydrogen 9-9X  io~*  ** 

Copper 4.8X10-20  " 

Mercury i.iX  10— *•  *' 

Silver 2.3X10""  " 

Palladium 1.5X10-*  " 


The  influence  of  the  dilution  on  the  difference  0^ 
potential  depends  upon  the  magnitude  of  the  electrolytic 
solution  pressure.  If  the  latter  is  great,  dilute  solutions 
are  nece.sary  for  maximum  action;  if  small,  more  con- 
centrated solutions  are  to  be  preferred. 

107.  Cells  with    inert    electrodes. — Elements   of  this 

m 

type  have  electrodes  in  solutions  which  do  not  contain 
the  ions  of  the  electrodes.  Such  cells  are  also  known  ^ 
oxidation  and  reduction  cells.  An  example  is  given  by 
the  arrangement 

plat.Pt-FeClssol SnCl2SoL— plat.Pt. 
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Sn**  ion  goes  over  into  tlie  Sn* '  ion,  taking  up  the 
tricity  set  free  by  the  transformation  of  Fe"*  ion  into 
,  The  Fe  side,  then,  is  positive  and  the  Sn  side 
itive. 

he  current  in  these  cells  is  due  to  the  oxidation 
the  one  side  and  the  reduction  on  the  other.  An 
iizing   substance    (i.e.,    one   which    is    reduced)    is 

substance  from  which  negative  ions  are  formed  or 
n  which  positive  ions  give  up  their  charges.  A 
icing  substance  is  one  in  which  negative  ions  are 
n  up  or  positive  ions  formed. 

>8.  Processes  taking  place  in  the  cells  in  common 
—All  cells  give  an  E.M.F.  which  is  equal  to  the 
rence  of  the  differences  of  potential  at  the  two  single 
rodes;  but  in  many  cases  the  action  is  compUcated 
ther  processes.  In  the  following  the  effect  of 
>larizers  is  given,  as  well  as  the  change  in  the  cell 
ag  action. 

^ark  cell. — ^This  cell,  as  already  mentioned,  is  used 
standard  of  E.M.F.    The  scheme  is 

Hg  -  Hg2S04  -  ZnS04  -  Zn. 

Hg2S04  is  not  quite  insoluble,  therefore  a  small 
entration  of  Hg  ion  does  exist  in  the  solution.    The 

ion  with  its  high  solution  pressure  is  driven 
I  the  electrode  into  the  ZnS04  solution,  and  forces 
re  it  to  the  electrode  the  Hg*  ion,  since  the  solu- 
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tion  can  contain  only  the  same  concentration  of  poa- 
tive  as  negative  ions.  The  Hg*  ion  gives  up  its  charge 
to  the  electrode,  which  becomes  positive,  the  Zn  heing 
negative  from  loss  of  positive  ion.  The  current  goes, 
then,  externally  through  the  wire  from  the  Hg  to  the  Zn, 
and  internally  from  the  Zn  to  the  Hg.  If  the  resistance 
placed  against  the  cell  is  great  enough,  only  an  infini- 
tesimal amount  of  Hgi  ion  will  be  driven  from  the  solu- 
tion, and  the  cell  remains  constant.  If  the  current  is 
passed  through  a  small  resistance,  however,  all  the  Hgi' 
ion  is  soon  precipitated  upon  the  electroSe  and  the 
E.M.F.  is  reduced,  i.e.,  the  cell  is  polarized.  If  allowed 
to  stand,  however,  more  Hg2S04  will  dissolve  and  the 
original  E.M.F.  is  attained. 

The  Leclanche  cell  consists  of  a  solution  of  ammonium 
chloride,  in  which  we  have  two  electrodes,  Zn  and 
C  +  Mn02.  The  action  of  the  Mn02  is  to  prevent 
polarization,  the  processes  taking  place  without  it  and 
with  it  being  as  follows: 

In  the  cases  without  Mn02  the  Zn  with  its  high  solu- 
tion pressure  goes  into  solution,  driving  before  it  the 
other  positive  ion,  i.e.,  NH4.  This  ion  decomposes 
on  losing  its  changes,  forming  NH3  and  H  gases. 
The  bubbles  of  H  collect  upon  the  electrode  and  are 
absorbed  and  so  given  o£f  to  the  air,  but  as  this  process 
is  slow,  other  ions  are  prevented  from  giving  up  their 
charges  and  consequently  the  E.M.F  decreases.    It  is  to 
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I  get  rid  of  this  action  of  the  H  gas  that  the  Mn02  is  used, 
In  contact  with  water  we  have,  then,  to  ^  small  extent, 
a  solution  of  Mn02i  which  dissociates  according  to  the 
scheme 

Mn03  +  2H30=Mn'-  +4OH'. 

This  tetravalent  Mn  has  the  tendency  to  go  into  the 
divalent  state  by  giving  tip  two  equivalents  of  electricity, 
i.e.,  to  form  the  ion  Mn".  In  consequence  of  this  the 
Mn—  ion  with  that  of  NH4  is  driven  to  the  electrode 
by  the  Zn"  ion,  and,  since  it  gives  up  two  equivalents 
cf  electricity  more  readily  than  any  other  ion  gives  up 
its  entire  charge,  the  electricity  is  given  up  without  any 
substance  which  might  cause  polarization.  We  have, 
then,   MnCla   (i.e.,   Mn"    ion)    formed   in   the   solution. 

I     The    process  continues  so  long  as  there  is  solid  Zn  or 
MnOa  present. 
Bichromate  cell. — This  cell  is   arranged  according  Sa 
'he  scheme 

Zn  -  H2SO4  +  KaCraOy  -  C. 

*«e  action  of  the  two  substances  in  solution  forms 
"chromic  add  (HaCraOy).     This  dissociates  into 
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to  a  large  extent,  and  to  a  smaller  degree  as  follows: 
H2Cr207  +  SH2O  =  2Cr  •  •  + 1 2 .  OH', 

This  hexavalent  Cr  has  the  tendency  to  give  up  three 
equivalents  of  electricity  and  to  go  into  the  trivalent 
state  (i.e.,  Cr**).  Accordingly  the  Zn"  ion  which  is 
forced  from  the  electrode  drives  before  it  the  C*'*  ion, 
which  gives  up  three  of  its  equivalents  and  become  Cr"', 
remaining  as  such  in  the  solution  as  ion  in  equilibrium 
with  SO4"  ion  (i.e.,  as  Cr2 (804)3).  Finally,  then, 
we  have  a  solution  of  Cr2  (804)3  left  in  the  jar.  This 
change  in  the  number  of  electrical  equivalents  by  a 
change  of  valence  always  takes  place  more  readily  than 
the  change  from  the  ionic  to  the  elemental  state,  and  is 
of  great  value  as  a  means  of  preventing  polarization. 

Accumulators, — The  action  of  the  lead  accumulator 
or  storage-cell  also  depends  upon  a  change  of  valence. 
Any  reversible  cell  can  be  recharged  after  it  is  used  up 
by  the  passage  of  a  curr.ent  through  it  in  the  direction 
opposite  to  that  in  which  it  goes  of  itself.  The  lead  cell, 
however,  is  generally  used  for  the  purpose  owing  to  its 
high  E.M.F.  Before  charging  it  consists  of  two  lead 
plates,  one  of  which  is  coated  with  Utharge  (PbO)  i^ 
a  20%  solution  of  sulphuric  acid.  If  the  current  is 
passed  through  these  plates  (the  PbO  being  positive), 
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the  PbO  is  transformed  into  PbOa,  lead  superoxide  (or 
supersulphate) ,  wliile  spongy  lead  h  deposited  upon  the 
other  electrode.  The  flow  of  current  h  now  stepped, 
and  the  cell  is  charged. 

The  PbOa  is  soluble  to  a  small  degree  and  ionizes  as 
follows : 

Pb02  +  2H20=Pb--  +4OH'. 

This  tetravalent  Pb  has  the  tendency  to  give  up  two 
of  its  electrical  equivalents  and  to  go  into  tlie  di\-alent 
form.  Since  this  is  true,  the  Pb  electrode  must  have  the 
higher  solution  pressure,  and  the  ion  formed  from  it 
"will  drive  the  Pb'*  to  the  electrode,  where  it  will  lose 
two  charges  of  electricity  and  become  divalent.  This 
will  continue  as  long  as  Pb02  is  present,  i.e.,  until  it  is 
all  transformed  into  the  divalent  state,  PbS04.  Other 
theories,  by  Liebcnow  and  others,  h::ve  also  been  ad- 
vanced to  explain  this  cell,  but  the  reader  must  be  referred 
elsewhere  for  them  (see  Dolezalek  and  von  Ende,  The 
Theory  of  the  Lead  Accumulator). 

Dolezalek  has  been  able  to  calculate  the  value  of 
such  a  cell  from  the  concentration  of  acid  and  the  vapor- 
pressure  of  the  solution,  and  finds  an  excellent  agree- 
ment between  theory  and  experiment.  This  proves  the 
process,  according  to  him,  to  be  a  primary  one  such  as 
the  theory  of  Le  Blanc  and  that  of  Liebenow  would 
make  it. 
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D.  Electrolysis  and  Polarization. 

109.  Decomposition  values. — ^We  must  now  consider 
the  processes  which  take  place  when  a  current  is  passed 
through  a  solution  from  electrodes  which  are  not  afiFected 
by  the  liquid,  i.e.,  inert  ones,  as  platinum,  gold,  carbon, 
etc.     The  current  causes  the  deposition  of  the   positive 
and  negative  ions   on  the   electrodes.     If  the  priniaiy 
current  is  disconnected  at  any  time  and  the  poles  of  the 
decomposition-cell  connected  with  a  galvanometer,  we 
observe  a  current  in  the  opposite  direction  which  becomes 
weaker  and  weaker,  until  it  finally  disappears  entirely. 
This  is  called  the  current  of  polarization,  and  its  E.MF- 
is  the   E.M.F.  oj  polarization.     This  is  caused  by  the 
tendency  of  the  substance  precipitated   upon  the  elec- 
trode to  go  back  into  solution  in  the  dissociated  form. 

It  has  been  found  that  a  certain  minimum  of  E.M.F. 
is  nece^fan-  to  cause  the  steady  electrolysis  of  any  solu- 

•  ^  ^  «* 

tion.     If  the  E.M.F.  used  is  smaller  than  this,  the  cur- 
rent sroes  throus^h  for  an  instant  and  then  ceases;   but 
at  this  p^int  or  aboye  it  the  process  goes  steadily.     This 
\yas  found  by  Lc  Rlanc,  \yho  determined  the  minimum 
yaluof  fc^r  a  largo  number  of  liquids  and  solutions.     The 
table  bolo\y  dves  these  values  for  molar  solutions  of  the 
sails  which  separate  metals. 
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Table  XIX. 


DECOMPOSITION   VALUES   FOR   SALTS. 


ZnSO^  =  2.35  V. 
CdCNO^.^i.pSv. 
ZnBr,  =i.8ov. 
NiSO^  =  2.09  V. 
NiCl,  =i.85v. 
Pb(NO,),=  i.52v. 


Ag(NO)4=o.7o  V. 
CdSO,  =2.03  V. 
CdCl,  =i.88v. 
C0SO4  =  1 .  94  V. 
CoCl,      =  1 .  78  V. 


The  values  for  Cd(N03)2  and  CdS04  show  that  those 
)r  the  nitrates  and  sulphates  of  the  same  metal  are 
^rly  the  same. 

The   following   tables    contain    the   values    for   acids 
id  bases.     Here  there  is  a  certain  maximum,  which 
reached  by  many  and  exceeded  by  none,   which  is 
XDut  1.70  volts. 

Table  XX. 

DECOMPOSITION   VALUES   FOR  THE   ACIDS. 


Sulphuric               —  i .  67  v. 

Dextrotartaric 

-1 

.62  V. 

Nitric                     =  1 .  69  V. 

Pyrotartaric 

=  1 

•57  V. 

Phosphoric            =  i .  70  v. 

Trichloracetic 

«=i 

•  Siv. 

Monochloracetic  =  i .  72  v. 

Hydrochloric 

=  1 

.31  V. 

Dichloracetic         =  i .  66  v. 

Oxalic 

=  0 

•95  V. 

Malonic                 =  i .  72  v. 

Hydrobromic 

=  0 

.94  V. 

Perchloric             ••  i .  65  v. 

Hydriodic 

—  0 

.52  V. 

Table 

XXI. 

DECOMPOSITION  VALU 

ES  FOR  THE  BASES. 

Sodium  hydroxide 

=  1 .  69  V.  w/4 

Potassium  hydroxic 

e     =  1 .  67  V.  w/2 

Ammonium  hydrox 

ide  =  1 .  74  V.  w/8 

Methylamine  »/4 

=  1-75 

w/2 

=  1.68 

w/8 

=  1.74 

\ 
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The  alkalies  and  alkaline  earths  when  combined  with 
the  largely  dissociated  acids,  i.e.,  those  with  decomposi- 
tion values  of  about  1.70  volts,  show  approximately  the 
same  value,  viz.,  2.20  volts.     The  chlorides,  bromides, 
and  iodides  have  lower  values,  which  are   independent 
of  the  alkali  metal. 

It  will  be  observed  that  all  the  acids  and  bases  with 
the  maximum  value  give  off  hydrogen  and  oxygen  upor 
electrolysis.  Those  with  the  lower  values,  which  in 
more  dilute  solutions  give  off  oxygen  and  hydrogen, 
also  reach  this  maximum  value.  Thus  for  HCl  at 
different  dilutions  we  have: 

Decomposition  Values  for  HCl. 


Concentration.       it 
2  normal  =1.26 
1/2     *'     =1.34 
1/6    '*     =1.41 


Concentration.         ic 
1/16  normal  =  1.62 
1/32      '*        =1.69 


At  the  dilution  w/32  H  and  O  are  given  off  instead 
of  H  and  CI,  as  at  the  strength  of  2  normal,  and  the 
max'imum  is  reached. 

All  the  above  results  are  for  platinum  electrodes- 
For  gold  the  values  arc  slightly  different,  but  the  rela- 
tion remains  the  same. 

no.  Theory  of  polarization. — The  process  taking 
place  upon  an  electrode  during  electrolysis  has  been 
studied  by  Le  Blanc,  who  has  been  able  to  make  the 
action    quite    clear.     He    measured    the    difference  of 
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tential  between  the  cathode  and  its  solution  after  the 
ssage  of  the  current,  varying  the  E.M.F.  from  o  up  to 
J  decomposition  value  of  the  solution.  At  the  de- 
nposition  value  he  found  the  potential  difference  to 
the  same  as  that  exhibited  by  the  solution  in  which 
)laced  a  stick  of  the  metal.  Thus  a*molar  solution  of 
3O4  is  decomposed  steadily  at  2.03  volts,  at  which 
difference  of  potential  between  the  cathode  and 
ition  is  found  to  be  +0.16  volt.  A  stick  of  cad- 
im  in  a  normal  solution  of  CdS04  gives  an  E.M.F. 
al  to  +0.16  volt,  i.e.,  the  metal  is  negative.  For 
le  solutions  this  difference  of  potential  between 
trode  and  solution  is  found  to  be  given  without 
maximum  being  reached.  This  is  true  for  AgNOs, 
ch  decomposes  at  0.70  volt.  The  reason  for  this 
tie  negative  solution  pressure  of  the  Ag,  which  causes 
s  to  be  deposited  upon  the  metal,  even  without  the 
rent. 

Vhen  an  indifferent  electrode  is  placed  in  a  salt  solu- 
1,  a  small  amount  of  ion  must  precipitate  upon  it; 
erwise,  from  the  equation 


RT ,       P 


vill  be  infinite,  since  P  =0;  and  if  that  is  true  it  would 
possible  to  arrange  a  perpetual  motion.      Metal  ion 
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will  then  separate  upon  the  electrode  until  the  tendency 
for  the  deposited  metal  to  go  into  solution  in  the  ionic  form 
just  compensates  the  separating  force.     In  this  way  the 
electrode  will  be  charged  positively,   and   the  solution 
negatively,  so  that  there  will  be  between  them  a  certain 
difiference  of  potaitial.     The  value  of  this  difference  will 
depend  upon  the  amount  of  metal  upon  the  electrode,  and 
will  not  necessarily  be  as  large  as  that  for  the  massive 
metal  (compare  with  concentration  of  H  in  a  platinunx- 
black  electrode).     If  we  now  connect  the  cell  with  a  pri- 
mary cell  at  a  low  E.M.F.,  more  metal  will  be  depositedj 
but  this  will  increase  P,  so  that  no  more  deposition  wiH 
take   place  at   that   E.M.F.     If  the   potential  is  thexn 
increased,  P  will  again  increase  and  further  depositio 
will  be  prevented.      Finally,  when  the  E.M.F.  used 
such  that  P  receives  its  maximum  value,  i.e.,  that  whict*. 
the   massive   metal   possesses,   then   the   deposition  ^il* 
take  place  steadily.     Here  we  assume  the  osmotic  pres- 
sure of  the  metal  ions  to  remain  constant.     For  strong 
currents   this  is  not  true;   it   decreases,  and   hence  th^ 
deposition   becomes    more   and   more   difficult  and  the 
potential  difTerence  at  the  cathode  increases.     It  is  not 
difficult,  however,  to  keep  the  value  constant  for  a  short 
time,  and  thus  to  find  the  difference  of  potential  at  the 
cathode. 

At  the  same  time  that  this  takes  place  negative  ion 
is  separated  upon  the  anode  and  the  process  is  exactly 
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ilogous.  If  oxygen  is  the  gas  which  separates,  its 
icentration  increases  until  the  maximum  is  reached 
•P)  and  the  gas  is  given  off  in  the  air. 
From  the  above  it  is  possible  to  understand  why  a 
rtain  minimum  E.M.F.  is  required  to  cause  a  steady 
ctrolysis.  The  separation  takes  place  only  when 
J  concentration  of  ions  around  the  electrodes  reaches 
naximum,  i.e.,  not  until  the  osmotic  pressure  exerted 
them  is  great  enough  to  overcome  the  solution  pres- 
e  of  the  metal.  From  the  case  of  AgNOs  it  would 
tn  that  this  maximum  of  concentration  need  not 
reached  on  both  sides  at  the  same  time.  The  nature 
the  electrodes,  so  long  as  they  are  of  an  inert  sub- 
tice,  has  no  influence  except  for  gases,  and  then  in 
following  way:  The  cell  platinized  Pt+H  gas 
S2SO4  — O  gas  4- platinized  Pt  gives  an  E.M.F.  of 
>7  volts.  If  1.07  volts  are  passed  through  the  cell 
the  opposite  direction,  then  we  shall  have  equihbrium. 
smaller  than  this,  H2O  is  formed  at  the  electrodes 
^m  the  gas  in  the  electrode  and  the  ions  in  the  solu* 
5n.  If  larger  than  1.07,  H  and  O  are  given  off  from 
le  electrodes.  We  have  here  the  gas-cell  which  gives 
le  value  1.07  decomposing  water,  and  reversing  at 
•08.  When  polished  platinum  electrodes  are  used  for 
le  decomposition,  however,  1.68  volts  are  necessary  for 
•eady  electrolysis,  the  difference  between  the  1.68  and 
le  1.07  being  0.6  volt.    The    difference   in    these  two 
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Values  is  assumed  to  be  due  to  the  different  ion  whid 
is  separated  in  the  two  cases.  Water  may  be  considered 
as  dissociated  as  a  dibasic  acid: 

H20=ir+0H', 
OH'=H+Cy'. 

At  the  value  1.08  volts  the  O"  ion  present  separates, 
causing  water  to  decompose  for  a  time  and  then  as 
they  are  used  up  the  process  ceases.  The  1.07  volts 
of  the  gas-cell  are  due  to  this  ion  O",  for  the  platinum- 
black  gives  it  up  to  the  solution  in  that  form  after  having 
absorbed  oxygen  gas.  When  OH'  ion  separates  it 
reacts  to  form  H2O  and  O, 

40H'  =  2H20  +  02, 

and  the  force  necessary  to  do  this  is  1.68  volts.  Where 
the  concentration  of  OH'  ion  is  great,  in  bases  for  ex- 
ample, the  O"  ion  would  be  present  to  a  greater  extent 
than  in  acids,  and  the  decomposition  at  1.08  should  be 
more  marked  than  with  acids,  as  it  is  found  to  be.  HCl 
has  too  small  an  amount  of  OH'  and  O"  ions  to  carry 
any  amount  of  current,  so  that  in  strong  solutions  CI 
separates  at  1.3 1  volts,  at  which  point  water  cannot  be 
decomposed  into  hydrogen  and  oxygen. 
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If  we  have  in  a  decomposition  vefsel  one  large  platin- 
ized electrode  and  one  verj'  small  pointed  one  and  use 
the  latter  as  cathode,  the  large  one  as  anode,  we  get 
a  rapid  decomposition  of  water  at  i.i  volts,  H  being 
given  off  at  the  point,  the  oxygen  being  absorbed  in 
the  platinum  black.  We  get  then  a  reversal  of  the  gas- 
battery.  Using  the  point  as  anode,  we  get  bubbles 
of  oxygen  first  at  1.68  volts,  H  being  absorbed  by  the 
large  electrode.  An  e,\ample  of  the  use  of  such  a 
process  b  the  Hildburgh  cell  (J.  Am,  Chem.  Soc,  22, 
300,  1900),  which  rectifies  an  alternating  current.  If  the 
value  of  the  alternating  current  is  below  1.68, -current 
can  go  through  when  the  point  is  the  cathode  and  is 
stopped  when  this  is  the  anode,  as  it  is  by  the  next  reversal; 
so  that  we  get  from  this  a  current  made  up  of  a  series 
of  impulses  all  in  the  same  direction  instead  of  the 
alternating  current  which  entered.  A  current  of  lai^e 
Voltage  can  then  be  rectified  by  passage  through  a  series 
of  such  cells,  *  ' 

III.  Primary  decomposition  of  water. — The  E.M.F.  of 
decomposition  of  a  eel!  giving  off  hydrogen  and  oxygen 
's  dependent  upon  the  concentration  of  the  two  ions  H' 
and  OH',  but  independent  of  the  nature  of  the  electroltye. 
The  E.M.F.  is  the  same  for  acids  and  bases  so  long  as 
only  H  and  O  are  separated.  Since  by  the  law  of  mass 
Action  the  product  of  H'  and  OH'  ions  in  a  solution 
Wust  always  be  the  same,  it  follows  that  for  all  electro- 
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lytes,  since  the  E.M.F.  of  the  cell  must  be  the  sum  of 
those  of  the  two  electrodes,  the  minimum  value  must 
be  the  same  for  all  substances  which  give  oflF  H  and  0. 
With  the  exception,  then,  of  solutions  of  metallic  salts, 
which  are  decomposed  by  H,  and  the  chlorides,  bromides, 
and  iodides,  which  are  decomposed  by  O,  the  ions  of 
water  only  are  the  factors  in  the  decomposition  of  solu- 
tions, and  not  those  of  the  dissolved  salt.    Excluding 
those    solutions    mentioned    above,    then,    all    solutions 
when  electrolyzed  show  primary  decomposition  of  waUr- 
The  current  is  conducted   by  all  the  ions   in   the  solu- 
tion.     At   the   electrodes,    however,   that   process  takes 
place  which  requires  the  smallest  expenditure  of  worfe 
and  that  is  the  separation  of  H  and  O  as  gases.    In  tti-* 
case  of  the  electrolysis  of  K2SO4  in  solution,  when  tfci-* 
current  is  not  too  strong,  there  is  no  necessity  for  assunc^' 
ing  that  the  K'  and  SO4  ions  are  separated  upon  the  ele^' 
trode  and  then  redissolved.     They  simply  collect  aroun^ 
the  electrode,  but,  as  the  H  and  O  separate  more  easily^ 
these  are  forced  out.     With  a  stronger  current,  of  course, 
it  is  possible  to  cause  the  separation  of  K  and  SO^j  f^^ 
then  the  H*  and  OH'  ions,  being  present  to  but  a  smali 
extent,  cannot  earn;  all  the   current,  and  the  work  of 
separation  of  the  ions  of  the  salt  is  smaller  than  that 
necessan'  to  remove  the  ver\*  much  diminished  amount 
of  OH'  and  H*.      The  formation  and  decomposition  of 
H2O  are  reversible  processes,  so  that  there  is  no  loss 
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3f  work  connected  with  them,  while  with  the  secondary 
jLCtion  there  would  be.  The  H'  and  OH'  ions  are  formed 
IS  they  are  used  up,  i.e.,  more  water  dissociates. 

'All  bases  and  acids  must  have  the  same  E.M.F.,  for 
the  product  of  the  H'  and  OH'  ions  is  always  the  same. 
For  salts  we  should  obtain  a  higher  value,  since  upon 
the  electrode  at  which  H  separates  a  base  is  formed,  and 
OH'  ion  increases  in  amount,  driving  back  that  of  H*, 
so  that  the  difference  of  potential  on  that  electrode  in- 
creases, i.e.,  P  remains  the  same,  while  p  decreases.  On 
the  other  electrode  H*  ion  collects  and  exerts  the  same 
decreasing  effect  upon  the  OH'  ion.  The  smaller  the 
dissociation  of  the  base  and  acid  formed  the  smaller 
iiaturally  this  influence  will  be. 

In  the  case  of  HCl  (w/i),  CI  gas  is  given  off  steadily 
^t  a  smaller  E.M.F.  than  for  the  oxygen  acids.  As  the 
3'Cid  becomes  more  dilute,  however,  the  amount  of  H' 
3'nd  CI'  ions  decreases,  until  finally  there  is  such  a  large 
concentration  of  OH'  ions  present,  as  compared  with  that 
of  Cl',  that  O  separates  the  more  readily.  This  explains 
the  results  already  given  for  HCl  in  different  dilutions. 

112.  Electrol3rtic  separation  of  metals  by  graded  elec- 
tromotive forces. — As  we  have  seen,  the  salts  of  the 
different  metals  have  different  decomposition  values. 
From  this  fact  Freudenberg  *  showed  how  it  is  possible 
to  separate  metals  quantitatively.     It  is  only  necessary 

*  Zeit.  f.  phys.  Chem.,  12,  97,  1893. 
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pressures  of  the  ions  Ag'  and  H*.  We  have  then,  taking 
the  decomposition  value  of  H*  as  zero  and  that  of  Ag*  as 
—0.78  (since,  when  pi  =  i,  0.0575  log  P\  =  —  0.78), 

p 

^  =0-0575  log  T^  =0.0575  log  Pi  -0.0575  log  pi 

=  -0.78-0.0575  log /^i. 

Pi,  however,  the  concentration  of  Ag*  ions,  can  only 
reach  a  certain  value  in  the  presence  of  CI,  Br,  and  I, 
which  value  i§  regulated  by  the  solubility  products  of 
AgCl,  AgBr,  and  Agl.  The  solubilities  at  25°  are 
respectively  1.25  Xio~^  6.6  Xio"*^,  and  0.97X10"*.  H 
I  is  present  in  the  ionic  state  to  the  concentration  o.i  mole 

per   liter,    pi  ■■=     '^' — ,  from  which  7ri  =  -fo.o9l^) 

0.1 

i.e.,  the  system  acts  as  a  cell  and  gives  a  current,  Ag 
dissolving  and  H  being  evolved.  For  Br,  7t=-o.i2V\ 
and  for  CI,  n=—o.2V,  If  I'  ions  are  reduced  in  con- 
centration to  o.oooi  mole  per  liter,  n  becomes -0.084- 
In  this  way,  by  varying  the  E.M.F.,  the  iodide  and 
then  the  bromide  are  transformed  into  the  silver  salt, 
and  the  difiference  in  weight  of  the  anode  before  and 
after  the  experiment  gives  the  weight  of  the  one  which 
has  been  separated.  CI  is  usually  determined  by  titra- 
tion after  the  Br  and  I  have  been  removed. 


CHAPTER  X. 


PROBLEMS. 


(These  answers  were  obtained  by  use  of  a  four-place  logarithm  table,) 

Energy. 

1.  How  many  ergs  are  equivalent  to  3.52  (18°)  calories  ? 

Ans,  147,241,600  ergs. 

2.  What  velocity  will  a  force  of  2.12  dynes  acting  for 
seconds  upon  a  body  weighing  3.62  grams  give  the 

ody?  Ans.  1.17  cm.  per  second. 

3.  The  velocity  of  a  body  weighing  1.23  grams  is  4.3 
^.  per  second,  what  force  has  acted  upon  it  for  one 
^ond?  Ans,  5.29  dynes. 

4-  What  is  the  pressure  in  dynes  per  sq.  cm.  of 
'21  pun.  of  Hg?  Ans.  961,000. 

The  Gaseous  State. 

J.  An  open  vessel  is  heated  to  819°  C.  What  por- 
tion of  the  air  which  the  vessel  contained  at  0°  remains 
in  it?  Ans.  0.25. 

6.  An  open  vessel  is  heated  until  one-half  of  the  gas 
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contained  at  15°  is  driven  out.    What  is  the  temperat 
of  the  vessel  ?  Ans.  303°  C— 

7.  A  volume  of  gas,  measured  at  15°,  is  50  cc. 
what  temperature  would  its  volume  become  44  cc.  ? 

Ans.  — 19°.6  C» 

8.  A  volume  of  gas  at  766  mm.  pressure  is    137 
What  would  it  be  at  757  mm.?         Ans,  138.7  cc. 

9.  What  volume  does  i  mole  of  gas  occupy  at  5 
the  pressure  being  760  mm.  ?    At  100°,  p  being  900 

i4w5.  5o°  =  26.5,  at  100°  =25.8  liters- 

10.  A  volume  of  air  in  a  bell  jar  over  water  measu 
975  cc.    The  water  in  the  jar  is  68  mm.  above  the  wa 
in  the  trough,  and  the  barometer  stands  at  756  m^ 
What  would  the  volume  be  if  exposed  to  standard  p 
sure,  the  specific  gravity  of  Hg  being  13.6  ?    Ans,  963.4-» 

11.  At    14°  C.   and    742   mm.   pressure'  a   volume        ^ 
gas  measures    18  cc.     What  will  be  its  volume  at 
and  760  mm.  pressure  ?  Ans.  16.7^  — 

12.  A  volume  of  H  at  a  temperature  of  15°  measu 
2.7  liters,  with  the  barometer  at  752  mm.  What  wot-^1^ 
have  been  its  volume  had  the  temperature  been  ^  ^ 
and    the    pressure    762    mm.  ?  Ans,  2.6  liters  - 

13.  What  volume  is  occupied  by  44  grams  of  oxygen-  ^^ 
70  cm.  pressure  and  35°  C.  ?  Ans.  37.7  liters- 

14.  \  mole  of  H,  \  mole  of  O,  and  J  mole  of  N  ^^^ 
mixed  in  a  volume  of  10  liters  at  0°  C.  What  are  tb^ 
partial  pressures  of  H,  O,  and  N  ? 


PROBLEMS.  479 

''■'^ns.  /'h:  =  ii56.96,?o  =  1156.96,  and  ^^=771.65  grams 
>er  sq.  cm. 

15.  What  would  these  pressures  (14)  be  in  atmos- 
>heres  at  10°  C.  ? 

Ans.  Pii  =  i.i64,  pQ  =  I. i6n,  and  ^^  =0.774. 
x6,  I  liter  of  N  weighs   1.2579  grams  at  0°  and  760 
nm,     Calculate  the  specific  gas  constant,  r. 

Ans.  3007  gr.  cm. 
I  7.  The   specific   gas   constant,  r,  for   N  was  found 
Lbo-ve  (16).    What  is  it  for  H?    Atomic  weight  of  N 
s   14.01,  and  of  H  is  i.ooS.  Ans.  41,800  gr.  cm. 

iS,  How  much  will  100  liters  of  chlorine  at  74  cm, 
pressure  and  30°  C.  weigh?  Ans.  278.7  grams. 

1 9.  I  gram  of  a  gas  occupies  339.7  cc.  at  100°  and 
atmospheric  pressure.     WTiat  is  its  molecular  weight? 

Ans.  78. 

20.  A  solid  gives  off  a  gas  which  is  dissociated  to 
41^,  into  two  products.  What  is  the  work  done,  in 
Calories,  gram-centimeters,  and  liter-atmospheres,  when 
^  mole  of  solid  goes  into  the  gaseous  state,  the  tempera- 
l^ure  of  dissociation  being  55°  C.  ? 

Arts.  925  caj*,  39,410,000  gr.  cm.,  37,96  L.  A. 
31.  How  much  '^re  will  be  done  by  i  kg.  of  CO2 
'^hen  heated  200°  ?  In  other  words,  what  is  the  difference 
in  the  amount  of  work  when  the  1000  grams  of  CO3  are 
produced  from  the  negligible  volume  first  at  r-f-2oo, 
and  then  at  T7  Ans.  373.1  L.  A..  9088  cals. 
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22.  The  time  necessary  for  CO2  to  flow  through  a 
small  opening  is  26.5  minutes.  Under  the  same  con- 
ditions the  time  for  H  is  5.6  minutes.  Find  the  density 
of  CO2.  Ans.  22.3 

23.  The  time  of  outflow  of  a  gas  is  21.4  minutes,  the 
time  for  hydrogen  is  5.6  minutes.  Find  the  molecular 
weight  of  the  gas  ?  Ans.  29.2. 

24.  The  density  of  a  gas  is  2.786  referred  to  N  (mol. 
w'g't=28).    What  is  its  molecular  weight?       Ans,  78. 

25.  The  density  of  a  gas  is  0.23  referred  to  gaseous  Hg 
(mol.  w'g't  =  200).    What  is  its  molecular  weight? 

Ans.  46. 
.    26.  H  is  at  the  partial  pressure  of  2.136  atmospheres 
in  a  space  of  10  liters.     How  many  moles  per  liter  are 
there,  the  temperature  being  o°?    How  many  moles  in 
the  10  liters?  Ans.  c  =0.0954;  0.954. 

27.  Starting  with  i  mole  of  A  in  22.4  liters  (at  o^  760 
mm.),  assume  the  dissociation  according  to  the  scheme 
A=2B  +  ^D  (here  Aj  B,  and  D  represent  moles)  to  be 
23%.  \\Tiat  will  be  the  final  volume,  where  pressure  and 
temperature  remain  unchanged?  Ans,  43  liters. 

28.  WTiat  is  the  final  concentration  of  ^4,  J5,  and  D  ^ 

(27)? 

Ans.  A  =0.0179,  B  =0.0107,  and  D  =0.01604  nioles p^^ 
liter. 

29.  The    molecular    weights    in    (27)    are    AfA  =  i7^' 


p 
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^B  =  25i  and  ^0=40.     How  many  grams  per  liter  are 
there  of  each  at  equilibrium  ? 

Ans.  vl=3.o4,  5=0.268,  and  Z)  =0.642. 

30.  Assume  in  the  reaction  i4"=2B+3D  that  we  start 
with  17  grams  of  A  (M  =  i'jo)  in  2.24  liters  (0°,  760  mm.). 
Find  concentrations,  partial  pressures  and  grams  per  liter 
of  A,  B,  and  D,  where  the  dissociation  of  A  is  20% 
(Ms  =  2^,  Mq=46),  and  the  volume  and  temperature 
remain  constant.  What  is  the  total  pressure  of  the 
system? 

Ans.  ^=0,036,  B  =0.018,  Z'=o!oz7  moles  per  liter. 
A  =6.12,     5=0.45.     -0  =  i.o8  gr.  per  liter. 
i4  =  o.8,       5=0.4,       D=o,(>  atmospheres. 
Total  pressure  =1.80  atmospheres. 

31.  Starting  with  0.1  mole  of  A  at  75°,  knowing  the 
(iissociation  to  be  32%,  according  to  the  scheme  -4=25 
^D-^2E,  find  concentrations  and  partial  pressures  of 
•^1  fi,  D,  and  E  at  equilibrium  (a)  when  the  volume 
increases  under  constant,  atmospheric,  pressure;  (6) 
"hen  the  volume  remains  constant  at  what  it  was  for  the 
°-i  mole  of  A  alone. 

^ns.   (a)    ca  =0.00916,  Cb  =0.0086,  Cd  =0.0043,  ^^^ 

ce  =0-0129  nioles  per  liter. 
Pa  =0.262,       Pb  =0.246,     f  0  =  0.123,  and 

Pe^°-3^9  atmospheres. 
(6)    £4=0.0238,     fB=o.o224,  cd=o.oii2,  and 

ce  =0.0336  moles  per  liter. 


^ 
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/^A=  1.945)      />B  =  1.826,     pD^o.gi^,  and 

pE  =  2.739  atmospheres. 

32.  In  the  reaction  A=2B-\-D,  A  is  a  solid  which 
practically  does  not  exist  as  a  gas,  and  B  and  D  are  gases. 
At  100°  the  dissociation  pressure  of  A  (i.e.,  of  the  gases 
A  and  B  produced  from  ^4)  is  2  atmospheres.  Find  the 
partial  pressures  and  concentrations  in  moles  per  liter 
of  B  and  Z>. 

Ans.  pA—o,  />B  =  2 /3  X 2,  and pD  =  ^l3^^  atmospheres 
Cx  =0,   Cb  =0-0436,  and  Cd  =0.0218  mole  per  liter. 

33.  WTien  heated  PCI5  dissociates  into  PCI3  and  CI2. 
The  molecular  weight  of  PCI5  is  208.28.  At  182°  the 
density  is  73.5,  and  at  230°  it  is  62.  Find  the  degree 
of  dissociation  at  182°  and  230°. 

Ans,  ai820=4i.7%,  a3,oo=687c. 

34.  Sulphur,  Sg,  dissociates  under  certain  conditions 
into  the  form  So.  If  this  dissociation  were  complete, 
what  would  be  the  density  of  the  gas,  S2,  referred  to 
chlorine  (mol.  w't'g  =  7i)?  A?is.  0.9014. 

35.  The  ratio  of  the  specific  heat  for  constant  pres- 
sure to  that  for  constant  volume  is  equal  to  1.67  for 
helium.  How  many  atomic  weights  are  there  in  the 
molecular  weight  ? 

36.  How  many  atomic  weights  are  there  in  the  molec- 
ular weight  of  argon,  the  specific  heat  for  constant 
volume  being  0.075?  The  density  gives  the  molecular 
weight  of  40.  Ans,  i. 
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37.  What  is  the  specific  heat  of  CO2  gas  at  constant 
volume,  i.e.,  c«?  The  molecular  weight  is  44  and  the 
temperature  is  50°.  Ans.  0.164. 

38.  The  time  of  outflow  through  a  small  opening  is 
foimd  for  a  di-atomic  gas  to  be  22.3  minutes;  for  H  it  is 
5.6.    What  is  its  specific  heat  for  constant  volume  ? 

Ans.  0.153. 

39.  The  specific  heat  for  constant  pressure,  Cp,  of 
benzene  is  0.295,  what  is  the  specific  heat  for  constant 
volume,  Cv?  Ans.  0.27. 

40  The  specific  heat,  c^,  of  CO2  is  0.2094;  what  is 
the  ratio  of  that  for  constant  pressure  to  that  at  con- 

stant  volume?  Ans.  —=^k  =  1.22. 

41  CO2  gas,  for  which  k  was  found  in  (35),  is  com- 
pressed in  a  flask  to  the  pressure  1.5  atmospheres,  and 
this  pressure  allowed  to  equalize  rapidly  against  the 
atmospheric  pressure,  equal  to  760  mm.  What  is  the 
temperature  produced?  The  original  temperature  was 
o°C.  '  Ans.    -i9°.2C. 

42  Air  (^  =  1.4)  compressed  to  pressure  equal  to 
50  atmospheres,  is  expanded  rapidly  to  double  its  initial 
volume  against  the  pressure  of  the  atmosphere.  What 
temperature  is  produced  by  the  expansion?  The  origi- 
nal temperature  was  0°  C.  Ans.  —  66°.i  C. 

What  effect  has  the  original  pressure  here? 

43  Two   gases,    ^1  =  1.4,    ^2  =  1.22,    are     compressed 
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rapidly,  each  to   jV  ^^  ^^^  original  volume.    What  tem- 
peratures are  produced  if  0°  is  the  initial  one? 

Ans.  /ifej  =412^8, /ife,  =  i8o^iC. 

44.  A  mixture  of  hydrogen  and  oxygen  gases  is  com- 
pressed rapidly  (adiabatically)  from  the  volume  40.1  cc. 
to  3.04  cc,  the  temperature  rising  from  20°  to  549°^- 

Cp 

What  is  the  value  —  for  the  gaseous  mixture?  Ans.  1.4. 

45.  A  mixture  of  gas  is  compressed  rapidly  (adiabat- 
ically)  from  the  pressure  1.74  atm.  to  64.3  atm.,  the 

initial   temperature   is   20°   and  —  =  1.4.     What  is  tne 

final  temperature  ?  Ans.  549^0. 

46.  The  volume  of  a  mixture  of  gases  is  chang^ 

rapidly  (adiabatically)  from  227.8  cc.  to  18.85  ^^'j  "^=^  '^ 

and  the  initial  pressure  is  1.25  atm.     \\Tiat  is  the  ficP-^ 
pressure?  Ans.  40.8  atm. 


The  Liquid  State. 

47.  A  volume  of  50  liters  of  air  in  passing  throu 
a  liquid   a:    :?2^  causes  the  evaporation  of  5  grams 
subs:aiice.  the  niolecular  weight  of  which  is  100.    \\h 
is  :he  va}x^r-pressure  of  the  liquid  in  grams  per  squ 
oer.thiioter^  Ans.  25. 

4^s.  The  v;v.vT-pres>ure  o^  a  substance  is  44  mm. 
^^""  C,    ATivi    its    n-ivVuvular   weight    is   46.     How  mar»-^ 
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US  of  liquid  will  evaporate  when  100  liters  of  air  pass 
mgh?  Ans,  11.08. 

p.  Calculate  the  critical  temperature  of  a  mixture 
laining  63.96  parts  by  the  weight  of  ether  and  36.04 
►enzene.  The  critical  temperature  of  ether  is  i93°.S, 
enzene  296^.4.  Ans,  230^.7;  Exp.  =  23i°.4. 

:>.  w-hexane  (M =85.82)  has  a  molecular  volume  in 
gaseous  state  equal  to  34,500  c.c,  that  in  the  liquid 
E  being  137.96;  both  being  measured  at  60°  C. 
at  is  the  latent  heat  of  evaporation  of  i  gram  of  «- 
ine?  Ans.  85.7  cals. 

t.  For  CO2  at  0°  we  have  the  following  values: 
5ity  in  liquid  state  0.905,  density  in  gaseous  state 
•9.  What  is  the  latent  heat  of  evaporation  of  i  gram 
quid  CO2?  Ans.  54.9.     Observed  is  57.48. 

J.  The  latent  heat  of  evaporation  of  chloroform  at 
is  58.49  cals.,  the  boiling-point  is  61°,  and  the  molec- 
weight  in  gaseous  form  is  11 9.1.  What  is  the  for- 
a  of  the  substance  in  the  liquid  state  ? 
;.  The  latent  heat  of  methyl  alcohol  at  its  boiling- 
it,  66°,  is  267.48  cals.,  the  molecular  weight  in  gaseous 
a  being  32.  Find  molecular  weight  in  the  liquid.form. 
/hat  conclusion  is  to  be  drawn  from  this  result  ? 
4.  The  heat  of  evaporation  of  ether  at  34^.5  is  88.39 
..  This  is  for  one  gram.  Find  the  change  in  boiling- 
it  due  to  a  change  from  760  to  634.8  mm. 

Ans,  —4^.76. 
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dp 

55.  Find  heat  of  evaporation  of  ethyl  formate,    -ff^^l 

mm.,  the  boiling-point  is  54^.3  at  760  mm.,  and  the  molecu- 
lar weight  is  74.  Ans,  102.8. 

dp 

56.  Find     77p    for    ethyl    propionate.     The    heat  of 

evaporation  is  77  cals.,  the  density  in  liquid  form  is 
0.7958,  and  in  the  gaseous  state  0.0033,  ^^h  at  the 
boiling-point,   99°.  Ans.  21.5  mm. 

57.  The  refractive  index  of  liquid  N  is   1.2062,  and 
for  liquid  air  is  1.2053.     Find  that  for  liquid  0.   Air   * 
is  composed  by  weight  of  23.01%  of  O  and  76.99%  of 
N,  (/o  =  1.124,  dji^cgdj^,  of iv  =0.885.  ^^^-  i-^^- 

For  further  examples  on  refractive  index  see  May- 
bery  and  Shepherd.     (Am.  Chem.  Jour.  29,  278,  1904.) 

58.  Cv  for  gaseous  benzene  (CeHe)  at  50°  is  0.269; 
for  liquid  benzene  al  the  same  temperature  c  =0.4502. 
What  is  the  change  in  the  heat  of  evaporation  per  degree 
around  50°?  Ans.  0.1552  cal.  per  degree. 

59.  What  is  the  heat  of  evaporation  of  ether  at  80° 
if  the  external  pressure  is  increased  so  as  to  increase 
the  boiling-point  from  35°  to  80°?  Specific  heat  of 
liquid  at  80°  is  0.690,  molecular  weight  is  74,  and  heat 
of  evaporation  at  35°  is  88.39  cals.  (see  data  in  text). 

Ans.  77.14  cals. 

JT  , 

60.  Find  -j—   for  ether  at  80°  as  given  in  (59);  the 

vapor-pressure  of  ether  at  80°  is  299.14  cm. 

Ans.  0.0146  per  mm. 
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61.  What  change  in  external  pressure  is  necessary  to 
alter  the  boiling-point  of  ether  in  (59)  from  35  to  80°? 

Ans.  4.06  atmos. 

62.  I  gram  of  liquid  as  a  gas  at  100°  and  760  mm. 

occupies  413.5  cc.  —  =  1.097.     The  heat  of  evaporation 

as  liquid  at  15^.5  is  89.25,  and  at  24^.83  is  84.5  cals. 
Knowing  the  molecular  weight  aa  a  liquid  to  be  the  same 
as  that  in  the  gaseous  state,  find  the  specific  heat  as  a 
liquid.    At  what  temperature  does  this  hold? 

Ans.  0.5506;  Exp.  =0.545.     25^.16. 

63.  The  latent  heat  of  evaporation  of  liquid  NH3  at 
its  boiling-point,  under  atmospheric  pressure  (—33^.5), 
is  341  gram  calories  per  gram.  Is  liquid  NH3  associated 
or  non-associated  ? 

64.  The  boiling-point,  imder  atmospheric  pressure  of 
hexane  (C6H14)  is  69°.  What  is  its  latent  heat  of  evap- 
oration?   It  is  non-associated. 

Ans.  82.6;  exp.  82.9  cals. 

65.  The  boiling-point,  under  atmospheric  pressure  of 
^-nitrotoluene,  is  237^.7,  the  latent  heat  of  evaporation 
is  84  cals.  What  is  the  molecular  weight  in  the  liquid 
state?  Ans.  137. 

66.  What  is  the  change  in  vapor-pressure  for  ether  (60) 
per  degree?  Ans.  68.5  mm. 

67.  What  is  the  surface  tension  of  CeHe  in  dynes  per 
centimeter?     The  radius  of  the  capillary  tube  is  0.01843 
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cm.  at  46®  and  the  liquid  ascends  3.213  cm.,  its  density 
being  0.85.  Ans.  24.7  dynes  per  cm. 

68.  Find  height  to  which  CS2  will  ascend  in  a  capiflary 
tube  of  a  radius  of    0.01708  cm.,  the    surface  tension 

'    being  27.68  dynes  per  centimeter,  and  the  density  1.224. 

Ans.  2.7  cm. 

69.  Find  the  molecular  weight  of  C6H6  as  a  liquid. 
The  surface  tension  at  46°  is  24.71  dynes,  its  critical 
temperatiure  is  288^.5,  ^  =  2.12,  and  its  density  is  0.85. 

Ans.  78. 

70.  Find  the  molecular  weight  as  a  liquid  of  CS2.  Its 
surface  tension  (46°)  is  29.41  dynes,  its  density  1.224,  ^^ 
its  critical  temperature  280^.3 .  Ans.  76. 

71.  At  i4°.8  acetyl  chloride  (density  =  1.1 24)  ascends 
to  a  height  of  3.28  cm.  in  a  capillary  tube  of  a  radius 
equal  to  0.01425  cm.  At  46^.2,  in  the  same  tube,  the 
height  is  2.85  cm.  and  the  density  1.064.  Fi^d  the 
critical  temperature  of  acetyl  chloride  (^  =  78.5). 

Ans.  235°.2. 

72.  From  a  certain  tip  the  weights  of  a  falling  drop  of 
benzene  are  35.239  (ii°.4,  density  =0.888)  and  26.530 
(68°.5,  density  =0.827)  milligrams.  The  molecular 
weight  is  normal  in  the  liquid  state,  i.e.,  78.  Find  the 
critical  temperature  of  benzene. 

Ans.  288^.4;  exp.  288°. 

73.  From  the  same  tip  as  was  used  in  (72)  the  weights 
of  a  falling  drop  of  chlorbenzene  are  41.082  (8°.2,  density 
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=1.12)  and  32.054  (72^.2,  density  =  1.0498)  milligrams. 
'What  is  the  molecular  weight  of  chlorbenzene  as  a  liquid  ? 
TVhat  is  its  critical  temperature? 

Ans.  112.5;  3S9°.5;  exp.  360^ 

74.  From  the  same  tip  as  was  used  in  (72)  the  weight 
of  a  falling  drop  of  aniline  at  5i°.7  is  45.903  (density  = 
0.9944)  milligrams.  What  is  the  critical  temperature  of 
aniline?      '  Ans.  425.8;  exp.  426. 

The  Solid  State. 

75.  The  specific  heat  of  Ni  is  0.1092.  What  number 
should  be  selected  as  the  atomic  weight  of  Ni  ?    Ans.  58. 

76.  The  specific  heat  of  Fe  is  0.112.  What  number 
should  be  selected  as  the  atomic  weight  of  Fe? 

Ans.  56.6. 

77.  The  specific  gravity  of  solid  phenol  is  1.072,  and 
in  the  liquid  state  it  is  1.0561;  the  latent  heat  of  fusion 
is  24.93,  ^^^  ^^^  melting-point  is  34°.     Find  variation  in 

the  melting-point  due  to  a  change  in  pressure  of  one 

JT 
atmosphere.  Ans.  j-  =o°.oo42i  per  atmos. 

JT 

78.  Acetic  acid  melts  at  i6°.6  C,  -j-  =0^.0242  per  at- 
mos., the  heat  of  fusion  is  46.42  cals.  Find  change  in 
volume  by  the  liquefaction  of  i  gm.     Ans.  0.00016  liter, 

79.  Specific,  heat  of  solid  acetic  acid  is  0.4599  from 
10^  —  15°,  of  liquid  is  0.5026.  Find  heat  of  fusion  at  50° 
from  that  at  5^.6,  which  is  44.34  cals,     Ans.  46.24  cal3. 
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0.0148  of  N,  the  pressure  of  each  being  that  of 
the  atmosphere.  What  is  the  composition  of  air  ab- 
sorbed in  H2O? 

Ans,  34.8%  by  volume  of  O  and  65.2  of  N. 

92.  What  would  be  the  composition  of  the  air  if  that 
dissolved  in  (91)  were  cbllected  and  re-dissolved  in  fresh 
water?         Ans.  51.9%  by  volume  of  O,  and  48.1  of  N. 

93.  Find  molecular  weight  of  naphthalene;  49.4  grams 
of  H2O  and  8.9  grams  of  naphthalene  go  over  when  dis-. 
tilled  at  98^.2  and  733  mm.  from  the  system  of  immiscible 
liquids.     The  vapor-pressure  of  H2O  at  98^.2  is  712.4 

« 

Ans.  112. 

94.  The  molecular  weight  of  H2O  is  18,  of  nitro- 
benzene is  121.  Vapor-pressure  at  99°  (the  boiling- 
point  of  the  immiscible  liquid  system)  of  pure  H2O  is 
733  mm.,  and  of  nitrobenzene  is  27  mm.  How  much 
nitrobenzene  is  contained  in  the  distillate? 

Ans.  0.2  of  total  by  weight. 

95.  A\Tiat  is  the  surface  energy  involved  on  a  cubic 
centimeter  of  gypsum  powder  (2.5  grams)  when  it  is  re- 
duced to  cubical  particles  with  an  edge  equal  to  o.cxx)! 
mm.  and  added  to  water?  The  surface  tension  cf 
water  is  80  dynes.  Ans.  4.8  X 10^  ergs. 

96.  What  is  the  osmotic  pressure  of  a  1%  solution  of 
glucose  (3/ =  180)  at  o^  C? 

Ans.  94.6  cm.  H;  Exp.  =94  cm. 

97.  The  osmotic  pressure  of  a  solution  of  cane-sugar 
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D°  is  49.3  cm,   of  Hg.    What  percentage  of  sugar 
=342)  is  contained  in  it?    Ans,  0.99%;  Exp.=i.o%. 
8.  The  osmotic  pressure  of  a  sugar  solution  at  32°  C. 
4.4  mm.    What  is  it  at  14^.2  ?  Ans.  51.2  mm. 

g.  The  osmotic  pressure  of  solution  containing  10 
us  of  sugar  to  a  certain  volume  is  200  mm.  What 
hat  for  the  same  volume  containing  13.5  grams? 

Ans,  270  mm. 
cx).  I  mole  of  sugar  (342  grams)  is  dissolved  in  i  liter 
vater.    Find  osmotic  pressure  at  22°.45. 

Ans.  24.3  atmos;  Exp.  24.5. 

01.  10.442  grams  aniline  in  100  grams  of  ether  gives  a 
or-pressure  of  210.8  mm.  Ether  alone  (ikf  =  74)  gives 
.6.    Find  molecular  weight  of  aniline.  Ans.  87. 

02.  Find  osmotic  pressure  at  0°  of  aniline  in  (loi)  in 
Lospheres  and  grams  per  square  centimeter.  The 
sity  of  ether  is  0.737. 

Ans.  19.82  atmos.  or  20,460  gr.  per  sq.  cm. 

03.  The  osmotic  pressure  of  a  substance  in  water  solu- 
L  is  100  cms.  at  0°  C.  Find  the  vapor-pressure  of 
solution;  that  of  water  at  0°  is  4.57  mm. 

Ans,  4.56  mm. 

04.  What  is  the  work,  in  gr.-cms.  and  calories,  neces- 
jr  to  separate  by  isothermal  osmotic  work  200  grams 
a  substance  (ikf  =  60)  from  the  solvent  at  20°  C? 
grams  of  substance  to  the  liter  of  solvent. 

Ans.  1953  cals.;  83,200,000  gr.  cms. 
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105.  64.74  grams  of  propylene  bromide  (ikf=» 2222)  are 
mixed  with  145.93  grams  of  ethylene  bromide  (Jlf=2o6) 
at  85^.05 ;  the  vapor-pressure  of  pure  propylene  bromide 
at  this  temperature  is  127.2  mm.,  and  that  of  ethylene 
bromide  is  172.6  nmi.  What  is  the  partial  vapor-pres- 
sure of  each  in  the  mixture?  What  is  the  composition 
of  the  distillate  ?  What  is  the  total  vapor-pressure  of 
the  mixture  ? 

Ans.  f     (ethylene  bromide)  =122.3  mm. 

observed  =  121.4 
^  (propylene  bromide)  =   37.1 

observed  =  37.3 
total  vapor-pressure  =  1 59.4 
observed  =  158.7 
24.6  grams  of  propylene  bromide  and  75.4  grams  of 
ethylene  bromide  in  each  100  grams  of  distillate.    Ob- 
served values  are  24.9  and  75.1. 

106.  The  increase  in  the  boiling-point  of  54.65  grams  of 
CS2  caused  by  the  addition  of  1.4475  grams  of  P  is  o°.486. 
WTiat  is  the  molecular  weight  of  P  in  CS2? 

Ans.  129.2. 
\Miat  is  the  formula,  the  atomic  weight  being  31? 

107.  Calculate  the  increase  in  boiling-point  (X^.p.)  of 
ether  when  to  1000  grams  we  add  a  mole^of  a  substance. 
The  boiling-point  of  ether  is  34^.97,  the  latent  heat  of 
evaporation  is  88.39.  Ans.  2°.i5- 

108.  The   boiling-point   constant    (K^p)    of  H2O,  3S 
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ised  by  the  addition  of  i  mole  of  substance  to  iocxd 
.ms,  is  0^.52.    Find  heat  of  evaporation  of  H2O. 

Ans.  535.1  pals,  per  gram. 
:o9.  At  40°  the  change  of  vapor-pressure  per  degree 
benzene  (if  =  78)  is  0.881  mm.  for  a  mean  pressure 
22.42  cm.     What  is  the  boiling-point  constant  (-K^^.p.) 
:>enzene  under  this  reduced  pressure?     Ans,  1^.985. 

10.  10  grams  of  a  substance  in  100  grams  of  a  solvent 
rease  the  boiling-point  by  o°.87.  The  molecular 
ght  of  the  substance  is  60.  Find  the  boiling-point 
stant  (-K'ft.p.).  Ans.  0^.522. 

11.  The  increase  of  the  boiling-point  of  a  water 
ition  is  o°.2i.  What  is  the  osmotic  pressure  at  100°  ? 
p  =0^.52.  Ans,  12.36  atmos. 

12.  From  (in)  find  the  vapor-pressure  of  the 
ition  at  100°,  that  of  pure  water  is  760  mm. 

Ans.  754.6  mm. 

13.  0.284  grams  of  the  oxime  (CH3)2CNOH  causes  a 
rease  of  0^.155  in  the  freezing-point  of  100  grams  of 
"ial  acetic  acid.    Kf^  for  acetic  acid  is  3°.88.     Find 

molecular  weight  of  the  oxime.  Ans.  71. 

14.  A  normal  water  solution  gives  a  depression  of 
c,  when  the  overcooling  is  2.21.  What  is  the  strength 
the  solution  whose  freezing-point  is  observed  ? 

Ans.  1.028  N. 

15.  Find  the  freezing-point  depression  of  the  normal 
ation  itself  in  (114).  Ans.  2^.04. 
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1 1 6.  Find  the  heat  of  fusion  of  nitrobenzene;  its  melt- 
ing-point is  s*.3,  the  freezing-point  constant  (/T/p)  is 
7.07.  Ans.  21.9  cals. 

117.  The  specific  heat  of  nitrobenzene  is  0.3524,  its 
heat  of  fusion  is  21.9  cak.  The  observed  depression  of 
10  grams  of  a  substance  in  72.5  grams  of  nitrobenzene  is 
i°.2i  when  the  overdooling  is  1°.  What  is  the  strength 
of  the  solution  whose  freezing-point  is  observed  ? 

Ans,  140.2  grams  per  1000. 

118.  Find  the  osmotic  pressure  at  46°  of  1.4475  P^^ 
of  P  in  54.65  grams  of  CS2.  The  molecular  weight  of  P, 
in  this  solution,  is  124,  and  the  density  of  C52  is  1.2224. 

Ans.  6.82  atmos. 

119.  Find  the  vapor-pressure  in  (118)  of  P  in  CS2 
solution  at  0°,  the  vapor-pressure  of  CS2  at  0°  is  127.91 
mm.  Ans.  125.9  ^^^^• 

120.  Find  the  osmotic  pressure  of  0.284  grams  of  the 
oxime  (CH3)2CNOH  in  100  grams  of  glacial  acetic  acid 
at  17°.     The  density  of  acetic  acid  at  17°  is  1.056. 

Ans.  I  atmos. 

121.  What  is  the  relation  between  the.  osmotic  pres- 
sures of  o.oi  mole  of  substance  in  1000  grams  of  water 
and  in  1000  grams  of  ether  (sp.  gr.  =0.7370),  assuming 
the  same  molecular  weight  of  the  solute  in  each  ? 

Ans.  Pc=o.737o?«. 

122.  Find  the  vapor-pressure  of  the  solution  of  0.284 
gram  of  the  oxime  (CH3)2CNOH  in  100  grams  of  glacial 
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aceiic  acid  at  40°  C,  the  vapor-pressure  of  glacial  ac€tic 
acid  at  40°  being  34.77  mm,  Ans.  34.69  mm, 

123.  Find  the  molecular  weight  of  KCl  in  molter 
CaCl2 '61^20.  0.4212  gram  of  KCl  in  60  grams  of  molten 
CaCla -61120  depress  the  freezing-point  of  this  from 
29°.48  to  29°. 057.  The  heat  of  fusion  of  CaCl2-6H20  at 
its  freezing-point  is  40.7  cals.  per  gram.         Ans.  75. 

1,24.  Kij,_  for  molten  LiNOa  ■  3H2O  is  2°. 6,  its  freezing- 
point  being  29°.88.     What  is  its  heat  of  fusion? 

Ans.  70.6  cals.  per  gram. 

125.  A  0.1  normal  solution  of  acetic  acid  in  water 
freezes  q°.i<^2'j  lower  than  H2O.  Find  the  degree  of 
ionization  of  the  acetic  acid.  Ans.  «  =  2%, 

126.  A  .15  normal  solution  of  succinic  acid  freezes 
o'',2864  lower  than  H20.  Find  the  ionization  of  the 
acid.  Ans,  a  =  i%. 

127.  A  0.1  molar  water  sdlution  of  a  substance  is 
32.4%  ionized  into  three  ions.  What  is  its  freezing- 
point  (^/.p.  =  i°.89) ;  its  boiling-point  {^6.p.  =  o°.52); 
^ts  osmotic  pressure  at  28°;  and  its  vapor-pressure  at  0° 
(vapor-pressure  of  H2O  at  0°  is  4.57  mm.)  ?  The  ioniza- 
tion is  assumed  here  to  remain  the  same  at  all  tempera- 
tures, .ins.  Freezing-point      =  — o°.3ii5. 

Boiling-point        =  ioo°.o86. 
O.molic  pressure  =  4,07  atmos. 
Vapor- pressure     =4.556  mm. 
laS.  From  the  values  (obs.)  for  the  ionization  of  KCl 


L. 
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(p.  324)  calculate  the  ionization  of  0.5  molar  BaQatotO 
Ba-  and  2  CI*.  Ans.  56%. 

129.  What  is  the  ionization  of  a  0.05  molar  solution  of 
MgS04  (into  Mg-  and  SO^-  ^ns.  53%. 

130.  A  saturated  aqueous  solution  of  ether  freezes  at 
—3.85.  When  4.76  grams  of  I  are  dissolved  in  100  grams 
ether,  a  saturated  aqueous  solution  freezes  at  -3.789. 
Find  molecular  weight  of  I  in  ether.  The  molecular 
increase  of  the  freezing-point  of  water  by  the  addition 
of  I  mole  of  substance  to  the  ether  is  3°.o6  over  that  point 
for  pure  ether  in  water  (see  pp.  203,  204).       Ans,  239. 

Thermochemistry. 

131.  Find  the  heat  of  decompositoin  of  2H2O  into 
water  from  the  following  reactions: 

SnCl.  •  H.Cl.Aq  +  O  =  SnCU  •  Aq  +  H2O  +  657;?:; 
SnCl2  •  HoCloAq  +  H202Aq  =  SnCl^Aq  +  2H2O  +888X. 

Ans,  2^iK, 

132.  The  heat  of  combustion  of  NH^  in  O  at  constant 
volume  and  18°  is 

2iY7J3+30=3H20+iV2  +  i8i2ir; 
and 

H2  +  O2  =  H2O  +  674.84ir. 

Find  heat  of  formation  of  NH^  from  its  elements. 

Ans.  106.2K. 

133.  How  does  the  heat  of  combustiori  of  H  with  0 
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to  form  i8  grams  of  liquid  H2O  at  constant  volume  vary 
with  the  temperature?  The  heat  capacity  of  72  grams 
of  H2O  is  0.72  Ky  and  that  of  4  grams  of  H  plus  32 
grains  of  O  is  0.2056.  Ans.   —  .00772 Jf  per  degree. 

-f97oir,  and  jH"2  +  02=H20+683.S7Jf,  all  at  constant 
pressure  and  18°  C.    Find  heat  of  formation  of  CH4. 

Ans.  2i8.2ir. 

135.  Find  heat  of  the  reaction  J3"2  +  2l  =  2HI: 
2KIAq + CI2  =  2KClAq  +  2I  +  524^?". 
HIAq+KOHAq  =KIAq+H20  +  i37iS:. 
HCl  Aq + KOH  Aq  =  KCl  Aq + H2O  +  137K. 

2HI  +  Aq    =2HIAq+384ir. 
2HCI + Aq  =  2HCI  Aq + 3462?:. 

2r2+c/2  =2fl'a+44oir. 

Ans.  fl'2  +  2l  =  2HI  +  ii2iS:. 

136.  iS'+Aq  =  KOHAq+iI  +  48iir, 

2il  +  O  =  H2O  +  683.577?:. 

Find  the  heat  formation  of  KOHAq  from  the  ele- 
ments. Ans.  1164.577^. 

137.  Zn  +  2HClAq=ZnCl2Aq+fl'2+342if  at  constant 
pressure.  What  is  it  for  constant  volume?  Tempera- 
ture is  20°.  Ans.  347.97?. 

138.  The  following  reactions  take  place: 

C^6  +  iS0^6C02+3H20+yK 
and 

CfiHe  +  15O =6C02 +3H2O -f-:vir. 
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At  27°,  assuming  these  to  be  at  constant  pressure,  i^^ 
values  for  constant  volume. 

139.  Find  the  heat  of  the  reaction 

P+3C/  =  PCla, 
PCl3  +  Aq       =P(OH)3Aq+3HCL\q+65iir, 
H2 + CI2 + Aq  =  2HClAq  +  ^i6K, 
?P +3O2 + Aq  =  P(0H)3Aq  +  25042^, 
2H2  +  O2         =  2H2O  +  683.2/^. 

Ans.  P+3C/  =  PCl3  +  7SS.22Cr: 

140.  Find  the  heat  of  formation  of  H2S406Aq. 
il2  +  2I  +  Aq  =  2HIAq  +  263/^. 

2Na2S20oAq  +  2I  =  Na2S406Aq  +  2NaIAq +80  JT. 

2NaOHAq  +  2HIAq         =  2NaIAq  +  2H2O  +  274^. 
2fl'2  +  O2  =  2H2O  +  i^62>K, 

4NaOH  Aq  +  2H2S2O3  Aq  =  2Xa2S203Aq  +  4H2O  +  594^. 
2NaOHAq  -fH2S406Aq   =Xa2S406Aq  +  2H2O  +  271  A'. 
4S  -f  2O2  -^  Aq  =  2H2S203Aq  ^  13  78/^. 

Ans.  //2-f4S-f302-^Aq  =  H2S406Aq  +  26i2£ 

141.  Find  heat  of  formalion  of  HFAq. 

KaSOaAq  ^  2KOHAq  -f  2F 

=  K2S04Aq  ^  2KFAq  -^  HoO  ^  1280^ 

2KOHAq  ^  2HFAq     =  2KFAq  -^  2H2O  ^326/i:. 

2KOHAq  -  H2S03Aq  =  KiSOsAq  -f  2H2O  ^  2goK. 

HoSOaAq  ^O  =  H2S04.\q  4-  637/^. 

-KOHAq  -  H2S04Aq  =  K2S04Aq  -^  2H2O  ^^i^K. 

2II2  T  O2  =  2H2O  -  1368A:. 

.4  Hs.  if 2  -  F2  ^  Aq  =  HFAq  +  2  X  488.5/^. 
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■X.^2.  Find  the  heat  of  formation  of  HClOsAq. 
2KCIO3  =2KC1  +  3O2  + 194^. 
KCIO3  +  Aq  =  KCIO3  Aq  -  looK", 
H2O  +  KClOgAq  =  KOHAq  +  HCIOgAq  - 138^^, 
KCI  +  Aq  =  K.C]Aq-44^, 

iH^O  +  2KClAq  =  2K0HAq  +  2HClAq  -  276K", 
37r2  +  2CT2  +  Aq  =  4HaAq+i572iE". 
Arts.  i7  +  a+30+Aq=HC10aAq  +  24oJf. 
1 43.  What  Ts  the  difference  in  cnei^  between  18  grams 
of    "water  at  a  100"  and  water-vapor  at  the   same  tem- 
perature?    Between  water  and  ice  at  o°?    The  latent 
heat   of  evaporation  is  536.4,  of  fusion  is  80  cals. 
Ans.  9655  and  1440  cals. 

1 44,  Find  heat  of  formation  of  gaseous  hydrobroraic 
acid  from  the  reactions, 

SOaAq  +  O  =S03.\q  +  637oo  cals., 
aBr+SOaAq  +  HaO  =aHBrAq-[-S03Aq  +  54OOo  cats., 
^lien,  in  addition,  wc  know  that 

H^  +  0  =H30  +68400  cals., 
and  i7Sr  =  HBrAq  +  20000  cals. 

Ans.  i/  +  Br-i7Sf4935o  cals. 

145.  Find  the  heat  of  formation  and  heat  of  forma- 
^°n  in  solution  of  NH3. 

I  22VH'3  +  30  =  N3  +  3H2O  +  i8i2oocais.  Iconst. 

^^L      SB's +30  =  3H2O  +  3  X68400,  J  pressure. 

^H         Arff3+Aq  =  840o. 
^^■^m,  (2\^,  3iJ)  =12,000  cals,;  (jV,  3H,a.q)  =  2^,QCOc&^. 
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146.  NaOH  +  5oH20  has  a  molecular  specific  heat 
equal  to  885.0  cals.  and  SO3  +  100H2O  that  of  1797  cals. 
At  9®.i6  these  evolve  32,060  cals.  by  combining,  and  at 
24^.42  they  generate  31,650  cals.  What  is  the  specific 
heat  (i.e.,  for  i  gram)  of  a  solution  of  Na2S04+ 
200H2O?  Ans.  0.960303!. 

147.  At  constant  pressure  and  18° 
iV204+H20fAq    =HONOAq+HON02Aq4-iSSif. 
H2  +  2O2  +  iV2  +  Aq  =  2H0N0Aq  ^6i6K. 

^2^2 + 3O2  +  iV2  +  Aq  =  2HON02Aq  +  g^^iK. 
2H2 + O2  =  2H2O  + 13682?:. 

Find  heat  of  the  reaction 

N20^  =  N2  +  202-\'XK. 

at  constant  volume  and  8°.  The  specific  heats  per  gram 
are  0.2438  cal.  for  N,  0.2175  for  O,  and  0.65  for  N-iO^i 
all  at  18°  and  constant  pressure. 

Ans,  x=  —39^  3.t  constant  pressure  and  18°. 

.r=  —  35.1  K  at  constant  pressure  and  8°. 

x=  —  46.34X  at  constant  volume  and  8°. 

148.  Find  the  heat  evolved  by  the  reaction 

We  know  that 

2H2  +  O2  =21^20  + 1 15600  cals., 
i?2  +  CI2  =  2HCI  +  44000  cals. 

Ans.  6900  cals. 
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).  What  is  the  heat  of  formation  of  a  very  dilute 
on  of  magnesium  chloride?     (See  text  for  data.) 

Ans.  i&T$K. 

Chemical  Change. 

D.  In  the  volume  of  i  liter  there  are  0.14  mole  of 
Dgen  and  0.081  mole  of  iodine.  At  the  tempera- 
of  440^  C. 

A  =  — ■nr'  =  0.02. 

r 

the  amoxmt  o^  hydriodic  acid  formed. 

Ans.  0.14855  mole, 

1.  The  initial  pressure  of  I  is  38.2  cm;,  the  fraction 
ng  with  H  is  0.8.  What  is  the  original  pressure 
e  H  ?    K^ 0.02 .  Ans.  40.3 5  cm. 

2.  At  279°  and  737.2  mm.  pressure  a  for  the  reaction 
>3  =  2NO  +  02  is  0.13.  Find  Kp  and  Kc  both  for 
•eaction  as  written,  and  also  for  i  mole  of  NO2,  i.e., 

ro2=NO+o. 

Ans.  irp=o.ooi36for  2NO2;  0.0369  for  NO2. 
Xc =0.0000292  for  2NO2;  0.0054  for  NO2. 

3.  At  440°  in  50  liters  we  have  a  mixture  of  2.74 
js  of  HI,  0.5  mole  of  H  and  0.301 1  mole  of  I.  K 
02.    In  which  direction  does  the  reaction  go? 

14.  At  440°  (Jf =0.02)  5.30  cc.  of  H  are  mixed  with 
cc.  of  iodine-vapor.     How  much  HI  is  formed  ? 

Ans.  9.475  cc.    Observed,  9.52  cc. 
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155.  At  3000^  and  atmospheric  pressure  a  for  CO2, 
iccording  to  ihc  formula  2CO?^4CO-f-02,  is  equal  to 
0.4.     What  is  the  dissociation  constant  for  i  mole  of 

CO2  for  partial  pressures      ^^^    k^^P^oM ^0.2^1. 

Pcot 

156.  What  is  Kp  (155)  for  2  moles  of  CO2? 

Ans.  irp  =  ^^^^-^  =0.07406. 
rco2 

157.  At  atmospheric  pressure  and  100°  the  gas  A  is 
10.5%  dissociated  according  to  the  scheme  A=B-\-D. 
Find  direction  "and  extent  of  the  reaction  taking  place 
when  I  mole  each  of  ^,  £,  and  D  are  allowed  to  react 
under  constant  pressure  at  100°. 

Ans.  0.487  moles  of  ^  are  decomposed,  forming  B  and D. 

158.  The  gas  A  is  15%  dissociated  (A  =B-\-D)  at  125°, 
the  total  pressure  being  1.15  atmospheres.  Find  direc- 
tion and  extent  of  the  reaction  when  the  initial  pressure 
of  the  three  gases  A,  B,  and  D  are  respectively  0.5,  0.8, 
and  0.3  atmosj^hcres. 

Ans.  0.2577  atmosphere  gain  of  A.  Total  final  pres- 
sure =  1.41S  atmospheres. 

159.  The  gas  A  {A=B-{-D)  is  50%  dissociated  at  125°, 
and  constant,  atmospheric,  pressure.  Find  direction 
and  extent  of  the  reaction  taking  place  when  Aj  By  andi? 
are  present  respectively  at  o.i,  0.7,  and  0.2  atmospheres 
at  125^,  and  constant,  atmospheric,  pressure. 

Afjs,  0.1  atmos.  of  A  formed.  Final  vol.  =  1.1  times 
originaL 
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360.  The  gas  A  {.4=3B  +  2Z>)  is  50%  dissociated  at 
125°  and  constant,  atmospheric,  pressure.  Find  direction 
and  extent  of  the  reaction  taking  place  when  o.t  atmos- 
phere of  A,  0.3  of  B,  and  0.6  of  D  are  brought  together 
at    125°,  and  constant,  atmospheric,  pressure. 

Arts.  A  formed  to  the  pressure  of  x  atmosphtres,  the 
value  of  X  being  fixed  by  the  equation 
(0.027— 0.81  jir  + 8.  ia^  —  27J:^)  (0.36  — 2.4.V  +  4.V-) 

(i-i2.r-|-48.v^-64.v3)(o.H-o.6JC-4.v^)        =  °-°^335- 

Final  volume  is  (i—^x)  times  original  volume. 

161.  The  constant  of  equilibrium  for  the  reaction  of 
arnylene  and  acetic  acid  is  830.1  (p.  265).  At  the  tem- 
perature at  which  this  is  true  2  moles  of  amylene  are 
mixed  with  0  moles  of  acid  in  2  liters,  and  o.g  mole  of 
ester  is  formed.     Find  n,  the  original  number  of  moles 

»of  acid. 
Ans.  0.5008  mole. 
162.  6.63  moles  of  amylene  with  1  mole  of  acid  shows 
that  0.838  mole  are  formed  in  the  total  volume  of 
894  liters.  How  much  will  be  found  when  we  start  with 
4-48  moles  of  amylene  and  i  of  acid  in  the  volume  of 
683  liters? 

Ans.  o.Siir  moles. 

163.  Acetic  acid  distributes  between  water  and  benzene 

so  that  m  a  certain  volume  of  water  we  find  0.245  ^^^ 

'^■3t4  gram  when  in  an  equal  volume  of  the  ether  layer 

We  find  respectively  0.043  ^^'^  0.071  gram.     What  is  the 
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molecular  wd^t  of  acetic  acid  in  benzene?    It  is  60 
water.  Ans.  2.02X60- 

164.  After  shaking  1000  cc.  of  a  water  solution  of  aaiI£oe 
with  59  cc  of  *benz^e  we  find  0.03285  gram  pi  aniline 
in  50  cc  of  the  benzene  layier,  and  0.0647  gram  in  idbo  cc. 
of  the  water  layer.    Find  the  coefficient  of  distribudon 


^water 


of  aniline.  Ans.  =0.099. 

•  ^bensene 

165.  (a)  The  solid  A  (A—25+3D)  has  a  dissocia- 
tion pressure  of  2,  atmospheres  at  100^,  A  practically 
existing  only  as  a  solid.  Find  the  constant  of  the  law 
of  .mass  action  (for  pressures). 

Ans.  Constant  ==i.io6.  . 

(b)  Assume  the  solid  A  (165)  to  dissociate  in  a 
constant  volume  against  a  pressure  of  the  gas  B 
equal  to  0.5  atmospheres  at  100®.  How  much  D  will 
be  formed  ? 

Ans.  X  atmospheres;  x  being  fixed  by  the  equation 

ij>;3  +  |x*+|jcs =1.106. 

166.  For  NH4HS=fl^25+i\rjff3,  X= 62,400  (for  pres- 
sures in  mm.)  at  25*^.1  C.  In  a  vacuum  at  25^.1  we  intro- 
duce NH:i  and  H2S  until  we  have  a  partial  presure 
of  the  former  of  300  mm.,  and  of  the  latter  594  mm. 
Then  the  reaction  is  allowed  to  take  place.  How  mudi 
does  each  gas  lose  in  pressure? 

Ans.  157.2  mip. 
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167.  For  the  reaction  of  the  Deacon  process  for  chlo- 


we  find,  since  jO  =  ^02,  for 


4 


ihe  values  3.02  at  jSft"  C.  and  2.35  at  419"  C.     Calculate 
the  heat  evolved  by  the  reaction  under  constant  pressure. 
Ans.  6942  cals.     (Compare  Problem  148.) 

168.  At  i8°.4  I  mole  of  BaSOi  dissolves  in  50,055  liters 
at  37°.7  in  31,282  liters.  On  the  justified  supposition 
that  BaSOi  is  completely  ionized,  find  the  heat  of  disso- 
ciation. Ans.   -8836  cats. 

169.  The  salt  NaaHPO^-isHaO  has  a  vapor-pressure 
at  15°  of  8.84  mm.,  at  i"]"-^  ^  =  10.53  mm.  Find  the 
heat  of  vaporization,  i.e.,  the  heat  change  during  losa 
of  I  mole  of  water  of  crystallization  by  cvaixjration. 

Ans.  -12,728  cala. 

170.  A  mixture  of  alcohol  and  hydrochloric  acid  is 
an  equilibrium  in  which  a  certain  amount  of  H30  is 
formed.  At  77°,  ^^=0.307,  at  99°,  X  =0.177.  Find  the 
heat  generated  by  the  reaction.  Ans.  +6537  cals. 

171.  The  speed  constant  of  fonnation  of  HI  from 
H  and  I  is  0.00023;  ^'  the  equilibrium  conitant  at  that 
temperature,  374",  is  0.0157.  What  is  the  speed  coo- 
stant  of  decomposition  ?        Ans.  0.0146.  Obs.  0.014a 


5o8  ELEMENTS  OP  PHYSICAL  CHEMISTRY. 

172.  To  I  liter  of  a  molar  solution  of  a  monobasic 
acid  (Jf =0.000018),  a  salt  with  an  ion  in  common,  having 
an  ionization  at  that  dilution  equal  to  100%,  is  added* 
How  much  in  moles  in  the  dry  state  must  be  dissolved 
to  decrease  the  concentration  of  H*  ion  of  the  acid  to 
o.i  of  its  previous  value?  Ans.  0.042 11  mole. 

173.  WTiat  difiference  would  be  observed  if  this  haxi 

been  a  dibasic  organic  acid  with  the  same  constant? 

174.  A  small  amount  of  a  base  is  mixed  with  a  large 

amount  of  a  solution  containing  equi-molecular  amouiits 
of  acetic  and  lactic  acids.  In  what  proportion  will  they 
form  salts?  Ans.  Acetic: lactic:  10.00424:0.01 17. 

175.  WTiat  solution  of  gly collie  acid  (2^=15.2X10'^) 
is  isohydric  with  a  o.i  molar  solution  of  acetic  acid 
(/r=  1.8  X  io~^)  ?      Ans.  F  =  84.4  liters  or  0.01184  molar. 

176.  x\  small  amount  of  base  is  mixed  with  a  large 
amount  of  an  equimolecular  mixture  of  two  acids.  The 
ionization  of  one  is  10^,  of  the  other  90%.  How  much  of 
each  salt  will  be  present  in  100  parts  of  the  salt  formed  ? 

177.  A  mixture  of  glutaric  acid  with  NaOH  required 
after  distribution  between  water  and  ether,  10.7  cc.  of 
0.0972  normal  Ba(OH)2  for  20  cc.  of  the  water  layer, 
and  18.6  cc.  of  0.00992 AT  Ba(OH)2  for  50  cc.  of  the  ether 
layer  The  coefficient  of  partition. of  the  glutaric  acid 
between  water  and  ether  is  3.58;  the  dissociation  of  the 
neutral  sodium  salt  is  79%,  while  that  of  the  acid  salt  is 
70%;    the  equilibrium  constant  for  the  first  hydrogen 
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of  glutaric  acid  !s,47Xio~''  and  the  total  sodium  present 
is  0.092S.  Find  the  equilibrium  constant  for  the  second 
hydrogen,  .4h.s.  6.3X10"". 

178.  Tlic  constant  for  ihc  first  hydrogen  of  malonic 
acid  is  158X10^",  of  llu'  second  is  i.Xio"".  Wliat  is 
the  concentration  of  H"  ion  in  a  solution  of  1  mole  of 
malonic  acid  in  2000  liters? 

Ans.  0.8385,  i.e.,  CiiA'^o.ypSs. 
17Q.  The  degree  of  ionization  a  for  KCl  is  0.71667  for 
y  =  1,  0.50524  for  r=32,  0.Q134  for  ^  =  64.  Calcuiatc  K 
by  the  dilution  laws  of  Ostwald,  Rudolphi,  and  van'l  Hoff. 
i8o.  The  value  of  K  for  a  0.05  molar  solution  of  acetic 
^id  is  0.0000175  'It  iS°  and  0.00001624  at  52°.  What 
IS  the  heat  of  dissociation  of  acetic  acid?  At  what  tem- 
perature would  this  value  be  true?  Ans.  4i6ca]s.  at  35°. 

,  Find  the  heat  of  neutralization  of  i  mole  of  acetic 
^cid  (in  200  moles  of  HjO)  with  1  mole  of  sodium  hydrate 
('n  30O  moles  of  H^O)  at  35°;  a  for  acetic  acid  is  o.oog, 
'l^e  heat  of  ionization  is  386  cals.;  a  for  NaOH  is  0.861, 
'ts  heat  is  1292  cals.,  and  a  for  sodium  acetate  is  0.742, 
I  ^ts  heat  being  391  cals.  The  heat  of  formation  of  water 
l*rom  H"  and  OH'  at  35°  is  12,632  cals.  Ans.  13,093  cals. 
182.  The  solubility  of  barium  sulphate  at  37°.7  is  i 
*lolc  in  37,283  liters.  WTja'  is  its  solubility  protJuct 
^t  this  temperature?  Ans.  7,3X10-'". 

383.  Pbla  is  soluble  to  0.0015S  mole  per  liter  at  25°.2; 


Cpb"Xc^2  = 
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What  is  its  solubility  in  presesce  of  a  0.1  molar  solution 
of  r  ictfis?  Ans.  1.58X10"*  moles  per  liter. 

184.  Water  under  atmospheric  pressure  at  16°  absorbs 
0.9753  liters  of  CO3  to  the  liter,  i.e.,  0.04354  moles  per 
liter.  Of  this  0.0001 15  mole  is  ionized  (0.264%)  hito 
H'  and  HCOg'  ions.  What  is  the  solubility  product 
of  HaCOa?  Ans.  1.32X10-*. 

185.  At  25*  solubility  product  of  HaCOa  into  H'  and 
HCO3'  is  1.32X10-*.  Find  concentration  of  H'  and 
HCO3'  ions. 

186.  The  solubility  product  of  the  substance  AC2  is 
0.00621.  Find  concentration  of  A  and  C  ions  when 
the  substance  ionized  completely  into  A"  and  2C. 

Ans.  0.1157  mole  per  liter  of  A"  and  o  2314  of  C". . 
,  187.  AgCNO  is  soluble  at  100*  to  0.008  mole  per 
liter.  How  much  would  dissolve  in  a  solution  contain- 
ing o.i  mole  of  Ag  ions? 

Ans.  =  6.4  X 10-*  moles  per  liter. 

188.  The  solubility  of  a  salt  is  0.0001  mole  per  liter 

The  formula  of  the  base  is  M(0H)4,  and  its  solubility 

is  0.00001,  ionizing  into  M=  =  and  4OH',    Will  it  dissodate 

hydrolytically  in  water  at  25°,  for  which  K  =  (0.91  X  lo-^^c* 

Ans.  No. 
■  189.  At  a  dilution  of  32  liters  a  binary  substance  is 
0.9%  hydrolyzed.    What  is  the  percentage  of  hydrolysis 
at  100  hters?  Ans.  1.584%. 


PROBLEMS. 

190.  The  solubility  of  Mg(OH)2  is  0.00002  mole  per 
liter.  If  there  are  1.5  moles  of  NH^  as  NH4CI  and 
□.0001  of  a  mole  of  Mg'^  ion  present  in  a  molar  solution 
of  NH4OH,  what  concentrations  of  OH'  ion  must  be 
added  before  the  solubility  product  of  Mg(0H)3  can  be 
reached?    if  for  NHiOH^ 0.000023.  Ans.  0.26X10-^. 

191.  Aniline  distributes  between  water  and  ether  so 
that  there  is  always  lo.i  limes  as  much  in  the  ether  as 
in  water.  Starting  with  0.03138  mole  per  liter  of  aniline 
hydrochloride,  and  shaking  this  Uter  of  water  solution 
with  59  cc.  of  ether  we  find  0,02916  gram  of  aniline  in 
50  cc.  of  the  ether  layer.  Find  the  hydrolytic  dissocia- 
tion of  aniline  hydrochloride  in  the  water  solution. 

Ans.  2.5%. 

192.  The  constant  of  hydrolytic  dissociation  at   100° 

for  NH4CI  is  337Xio-'<'(i.e.,  ^-J^—^'j)-  What 
is  the  ionization  constant  of  NHiOH?  ^(HaO  at  100°) 
=  CS.SXio"'^^,  Ans.  214X10"^. 

193.  At  25°  aniline  acetate,  F  =  iQg.g,  is  52.^%  hydro- 
lyzed  into  aniline  and  acetic  acid,  both  very  shghtly 
"onized.  The  imhydrolyzed  salt  (r  =  about  400)  is 
95-3%  ionized.  -^H;0=  (1-09X10" ''j^,  K  for  acetic  acid  is 
o-Ooooi8.     Find  the  affinity  coHStant  of  aniline. 

Ans.  4.99X10""*  (compare  with   answer    to    Problem 

194.  At  25°  the  solubility  of  AgBr  is  86X10-^,  and  of 
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Agl  is  0.97X10"®.  How  much  Br'  in  the  ionic  state 
must  be  added  to  start  precipitation  of  AgBr  from 
solution  of  Agl  ?  Ans.  7.63X10-^. 

195.  AgCl,  AgBr,  and  Agl  are  dissolved  together. 
What  concentration  exists  of  Ag',  Br{  Cl^  and  I',  ions  per 
liter?  The  solubility  of  AgCl  is  1.25 Xio""^,  the  others 
are  given  above. 

196.  Brom-iso-cinnamic  acid  at  25°  is  soluble  to 
0.0176  mole  per  liter,  and  is  ionized  to  the  extent  of 
1.76%  into  H*  and  a  negative  ion.  What  is  the  solu- 
bility product  of  the  acid?  Ans.  9.6X10"*. 

197.  How  much  of  this  acid  must  always  remain  in 
solution  at  25°,  even  in  the  presence  of  an  infinite  amount 
of  H*  ions  from  another  acid? 

Ans.  0.0173  mole  per  liter. 

198.  What  is  the  solubility  of  brom-iso-cinnamic  acid 
in  the  presence  of  a  0.00 1  molar  solution  cof  H  ion 
from  another  acid  ? 

A  ns.  Solubility  =0.01 73  +  0.0000883  mole  per  liter. 

199.  K  for  cinnamic  acid  at  25°  is  0.0000345,  and  its 
solubility  in  water  is  0.00331  mole  per  liter,  the  ioniza- 
tion being  9.84^.  In  a  o.oi  molar  solution  of  aniline 
the  solubility  is  increased  to  0.00804  mole  /  per  liter. 
The  salt  formed  is  ionized  at  this  dilution  to  93% 
and    ^HjO    is    (1.09  Xio"^)^.       What     is    the    constant 


( 


K  =  -^^ — ^ —  )  for  aniline  ?  Ans,  5.3  x  lo"^^ 


MOH 
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Electrochemistry. 

2CXD.  Change  1000  calories  into  watt-seconds. 

Ans.  4178. 

201.  Change  350  watt-seconds  into  calories. 

Ans.  83.8. 

202.  An  aqueous  solution  of  CUSO4  is  electrolyzed 
until  0.2955  gram  of  Cu  are  deposited,  using  inert  elec- 
trodes. The  liquid  at  the  cathode  before  passage  of 
the  current  gave  2.2762  grams  Cu,  and  after  passage 
2.0650  grams.     Find  the  mobilities  of  Cu**  and  SO4". 

Ans.  i7cu-.  =0.285,  i7so4"  =0.715. 

203.  An  aqueous  solution  of  CUSO4  is  electrolyzed 
with  Cu  electrodes  until  0.2294  gram  of  Cu  is  deposited. 
Before  electrolysis  the  solution  at  the  anode  contained 
1. 195  grams  Cu,  after  electrolysis  1.360  grams.  Find 
mobilities  of  Cu"  and  SO4". 

Ans.  Ucn"  =0.28,  C/^so4"=o.72. 

204.  A  0.02  molar  solution  of  KCl  (iCigo  =0.002397) 
gives  in  a  certain  electrolytic  cell  a  resistance  of  150 
ohms.  Find  factor  which  will  transform  conductivity 
results  for  this  cell  into  specific  conductivities, 

Ans,  0.36. 

205.  Find  the  ionization  constant  for  NH4OH.   ^g =3.4, 

^16=4-8,  ^32=6.7,  ^64  =9-5j  ^128  =  13-5  and  ^256  =  i8.2. 
A^  for  NH4CI  is  130. 1,  A^  for  KOH  is  239.3,  and 
A^  for  KCl  is  131. 2.         Ans.  K  (average)  =0.000026. 

206.  At  18®  lactic  acid   gives   the  following    values: 
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-482=*23.II,    -464"" 32*21,  ^128  =44-47>  -^266  =  6o«23,   ^SW* 

82.2,  and  ilio24""  1^6.9.  Wluit  is  the  ionization  coo- 
stant?  » A^  for  HQ  is  383.9,  A^  for  NaCl  is  iii/and  4 
for  the  sodium  salt  of  lactic  acM  is  85.1. 

Ans.  K  (average) — 0.000136. 
207«  In  a  0.01  molar  solution  of  KNOs^  NOs'  has  a 
mobility  of  0.4971  ^^^  ^  ^^^  ^^  0.503.    Find  the  equiv- 
alent conductivity  of  NOs'  and   K*   in   this  solutkm, 

ic -0.001044.  Ans.  Ik'  =» 52-5>  ^no,*  ^ Si-9- 

2o8.  At  infinite  dilution  the   equivalent   conductivity 
of  a  solution  is  ^91.    What  would  it  be  at  a  dilution  at 
which  it  is  50%  dissociated  into  2  ions  ?    Ans.  45.5. 
309.  For  hydriodic  add  we  have  the  following  data: 

^2-3641  -^4=376,  As-' 384,  ill6=39I>  ^32=397»  ^34 
=402,  ili28=405,  and  ^^256  =406.  Compare  the  con- 
stancy of  the  Ostwald  and  van't  HoflF  dilution  laws. 
^«H=3^8,  /oor=66.7. 

210.  The  velocity  of  migration  of  Ag*  is  0.00057  cm. 
per  second,  as  is  also  that  of  CIO3'.  What  is  the  equiva- 
lent conductivity  of  a  solution  of  AgClOa  which  is  infi- 
nitely dilute  ?  Ans.  no. 

2 IT.  The  equivalent  conductivity  of  the  sodium  salt 
of  an  acid  is  ^32=89.9,  ^64=97.1,  Ji28  =  104.5,  ^256 
=  111. 1,  -i5i2  =  ii7-2,  and  ^1024  =  122.7.  What  is  the 
basicity  of  the  acid  ? 

212,  The  equivalent  conductix-it}'  of  a  solution  of 
Na2S04  in  100  liters  at  25°  is  134.9.  What  is  it  at 
infinite  dilution?  Ans.  153.9. 
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213.  The  conductivity  of  a  solutioD  of  AgCl  saturated 

at  18°  is  2.4X10"^;  that  of  the  water  used  is  1.16X10-^. 
What  is  the  solubility  of  AgCI?  ^„Kci  =  r3r.2,  J«,a8N0j 
»=ii6.5,  and  jia,KNo,  =  126.1. 

Ans.  1.02  Xio~^  moles  per  liter. 

214.  At  25",  F  =  99.2,  A  for  aniline  hydrochloride  is 
118.6;  A  for  aniline  hydrochloride  plus  an  excess  of 
anihne  is  103.6;  jIhci  (7  =  99.2)  is  411,  The  con- 
ductivity of  aniline  is  negligible.  Find  the  degree  of 
hydrolytic  dissociation,  and  the  constant  of  hydrolytic 
dissociation.  Ans.  a=o.o488;  Xiiyd.  =  2.52Xio~s. 

215.  Find  the  heat  of  amalgamation  of  cadmium 
at  0°.  ;r  for  a  cell  made  up  of  a  1%  Cd  amalgam  and 
mercury  in  a  solution  of  CdSOi  is  0.06836  volts  at  0°, 
and  0.0735  at  24°-4S' 

Ans.  2  =  510  cals.  per  mole  of  Cd. 

216.  Zn  in  a  molar  solution  of  ZnSOi  gives  a  differ- 

ence  of  potential  of  0.51  volt  and  -t^=  —0.00076.    What 

is  the  heat  of  ionization  of  Zn  at  17"?      Ans,  337. 4^. 

217.  Zn+2H-  +  2Cl'-l-Aq=Zn"  +  2C/'-|-Aq+Zf2+34zX, 
and  from  (2 1 6) 

Zn=Zn-  +  3374^- 

What  is  the  heat  of  ionization  of  H  gas? 

Ans.  2U-  =  H2  +  5.4K. 

218.  A  K.CN  solution  is  added  to  the  Cu  side  of  a 


^k     218.  A  K.I 


Si6  ELEMENTS  OF  PHYSICAL  CHEMISTRY. 

Daniell  cell,  and  as  a  result  the  E.M.F.  is  zero.    What 
conclusicn  is  to  be  drawn? 

219.  A  single  electrode  in  connection  with  the  nor- 
mal electrode  (-  =  0.56)  gives  an  E.M.F.  of  1.02  volts, 
the  normal  electrode  being  positive.  WTiat  is  the  differ- 
ence of  potential  between  the  single  electrode  and  its 
solution  ?  Ans.  0.46  volt,  metal  is  negative. 

220.  A  cell  with  electrodes  of  the  same  univalent 
ir.etal  gives  an  E.M.F.  at  17°  of  0.35  volt.  The  con- 
centration of  metal  ions  at  the  positive  electrodes  is 
0.02  mole  per  liter.  What  is  the  ionic  concentration 
on  the  other  side  ?       Ans,  1.637  X  io~®  moles  per  liter. 

221.  Find  the  E.M.F.  of  the  cell  at  25°.  H  gas-KOH 
n/io(a=o.85)  —  HCl  n/i(a=o.7)  H  gas.  5ti.o  =  (i.09X 
io~")2.  Ans,  0.757  ^'ol^^- 

222.  Find  concentration  of  OH'  ion  in  the  base.  The 
cell,  H  gas  — base  — «/i  HCI  (a--=o.'j)  H  gas,  gives  0.8 
volt  at  25°.     5hjo  =  (1-09X10"'')-. 

A:is.  Cii=2.6Xio~^*- 
^oir  =0.457. 

223.  With  a  cell  with  electrodes  of  a  divalent  metal, 
with  the  ionic  concentration:-  on  the  two  sides  equal  to 
0.02  and  1.62X10"^  mole.  i)cr  liter,  what  would  the 
E.M.F.  at  17°  have  been?  A71S.  0.175  volt. 

2  2.\.  In  a  hydrogen  gas  cell  there  is  acetic  acid 
on  one  side  and  propionic  on  the  other  of  the  same  con- 
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centration;   what  is  the  E.M.F.  of  the  cell  at  17®,  and 
which  pole  is  positive? 

Ans.  Acetic  acid  positive,  n  —0.00369  volt. 

225.  In  the  above  cell  the  pressure  of  hydrogen  gas 
is  increased  to  ten  times  its  value  on  both  electrodes. 
How  does  the  E.M.F.  change? 

226.  What  increase  in  E.M.F.  is  necessary  to  separate 
up  to  o.oooi  mole  of  a  univalent  metal  over  that  which 
has  separated  •  o.oi  mole  per  liter,  the  temperature  is 
17®?  Ans.  0.1 15  volt. 

227.  Assiune  in  188  that  the  metal  is  divalent.  What 
would  be  the  E.M.F.  then?  Ans.  0.0575  volt. 


-'/ 


TABLES. 


CE    OF 

IONIZATION     ACCORDING 

TO     CON 

TIVITY 

MEASUREMENTS. 
HCl 

V 

«0*» 

«!«**                         ttM® 

ass** 

2 

0.899 

0.874                  0.876 

0.863 

8 

0.948 

0.937                  0.942 

0.941 

i6 

0-959 

0 . 946                  0 . 962 

0.965 

32 

0.971 

0 . 980                  0 . 980 

0.977 

128 

0-993 

0.999                   I. 000 

1. 000 

512 

1. 000 

1. 000                   1. 000 
HNO3. 

1. 000 

V 

«o*» 

ttia**                  aas** 

a  88* 

2 

0.906 

0.883              0.879 

0.879 

8 

0.952 

o>95i             0952 

0.950 

16 

0.982 

0.975             0.978 

0.974 

32 

0.985   . 

0 . 988             0 . 992 

128 

0-995 

0.999            0-993 

1. 000 

512 

0.992 

0.999            0-995 

0.999 

1024 

1. 000 

I. 000             I. 000 
HjSO,. 

1. 000 

V 

«o*» 

ffie**                  flras** 

«M^ 

2 

0-555 

0.532              0.547 

0.542 

8 

0.612 

0 . 602             0 . 597 

0.572 

16 

0.643 

0.631              0-631 

0.625 

32 

0.702 

0.685             0.687 

0.690 

128 

0.801 

0.782             0.817 

0.800 

512 

0.900 

0.879             0-947 

0.888 

1024 

0.950 

0.969           0-977 

0.984 

2048 

0.977 

0 .  990           0 .  989 

0.996 

4096 

0.986 

I. 000            I. 000 

0.998 

8ioa 

0.990 

I. 000            I. 000 

1. 000 
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DEGREE     OF    IONIZATION     ACCORDING    TO     CONDUC- 
TIVITY   MEASUREMENTS— Co«/*n««i. 

KOH. 


V 

«o*» 

ai»o 

a»*» 

««6« 

I 

0.847 

0.803 

0.819 

0833 

2 

0.884 

0.860 

0.876 

0.883 

8 

0.916 

0.907 

0.892 

0.900 

i6 

0.936 

0-935  . 

0.938 

0-959 

32 

0.952 

0.958 

0.987 

0.996 

128 

0.998 

0-993 

1. 000 

1. 000 

256 

1. 000 

1. 000 
NaOH. 

1. 000 

1. 000 

I 

0.780 

0.782 

0.766 

0.774 

2 

0.838 

0.867 

0.835 

0.843 

8 

0.920 

0.904 

0.920 

0.935 

16 

0-936 

0.925 

0.944 

0.951 

32 

0.971 

0-957 

0.968 

1. 000 

128 

0.992 

0-995 

1. 000 

0.989 

256 

1. 000 

1. 000 
KBr. 

1. 000 

0.981 

V 

ao° 

ai8°                 a26° 

030° 

«35*' 

2 

0.788 

0.793           0. 

789 

0.768 

0.747 

8 

0.823 

0 . 849           0 . 

840 

0.828 

0.821 

16 

0.872 

0.881           0. 

876 

0.867 

0.862 

32 

0.892 

0.921            0. 

900 

0.884 

0.885 

128 

0.920 

0,961           0. 

955 

0.938 

0.926 

512 

0.949 

0 . 984           0 . 

983 

0.987 

0.985 

1024 

I  .000 

I . 000            I  . 

KI. 

.000 

I  .000 

I  .000 

V 

ao° 

Ol8° 

a28° 

aas" 

I 

0.767 

0.777 

0.767 

0.760 

2 

0.800 

0.817 

0.791 

0.792 

8 

0.850 

0.859 

0.852 

0.854 

16 

0.905 

0.886 

0.872 

0.881 

32 

0-935 

0.940 

0.914 

0.930 

128 

0.979 

0.961 

0-959 

0.954 

512 

1. 000 

0.983 

0-993 

0.996 

1024 

1. 000 

0.999 

1. 000 

0.996 
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2 

8 
i6 

32 
128 

512 
1024 

2048 


0.542 
0.648 
0.709 
0.766 
0.863 
0.924 
0.985 
1. 000 


K2SO4. 

0-539 
0.647 

0.706 

0.740 

0.852 

0.938 

0.986 

1. 000 


0.546 
0.658 
0.711 
0.750 
0.893 
0.965 
0.994 
1. 000 


0.532 
0.662 

0.714 
0.771 
0.893 
0.949 
0.989 
1. 000 


MOLECULAR  SURFACE  TENSION. 


T 

x(Mv)i 

163. 1 

263.7 

168.5 

255-9 

171. 8 

250.8 

181.9 

330.1 

184.8 

325.6 

186. 1 

320.1 

225.3 

367.0 

227.1 

362.8 

229.3 

358.5 

189. 1 

349.5 

191-3 

345-3 

194.6 

338.0 

167. 1 

287.2 

171. 8 

279.6 

T 

175 
180 

183 

188 

193 
195 

230 
232 


197 
199 
201 

175 
179 


HCl. 

8  244.8 

1  239.0 

2  233.6 
HBr. 

9  314.6 

4    307.3 

3  299.6 
HI. 

9    355.3 
9    351.0 


H2S. 

4  334.1 
7    328.3 

5  326.6 
PH3. 

4    273.4 
9    265.4 


T 

x(Mv)i 

187.2 

229.3 

189.9 

223.6 

192.6 

221.0 

198.2 

294.8 

200.5 

292.2 

203.9 

283.8 

235.0 

348.0 

236.5 

344.6 

203.9 

324.7 

206.9 

316.7 

210.8 

308.6 

VARIATION   OF  MOLECULAR   SURFACE    TENSION    WITH 
THE  TEMPERATURE,  AND  FACTOR  OF  ASSOCIATION. 

HCl  HBr  HI  H^  PH^ 

A\x(Mv)^ 

JX  ^-47  2.03  1.99  1. 91  1.70 

y 1.5  i.o  i.o  I.I  1.4 
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DATA   FOR   DIFttCUJ-TL 
(Bottger,  Zeit.  f.  phy. 


Salt. 


CaSO^.  .  . 

AgCl 

AgBr. .  .  . 
AgSCN. . 
AgCN  . . . 
AgBrO,.  . 
Agio,.  . . 
AgaO. .  .  . 

Ag20 

AgaCaO^. 
AfoPO^  . . 
Ag,S.... 
TiCl... 

TIBr 

Til 

TISCN. . 
TIBrO,.  . 
TIIO3.  . . 

Tl2C20^. 

TI2S.  . . . 


PbCla 


PbBrj 

Pbia 

Pb(SCN)2. 

Pb(Br03)2. 

PbO 

PbCOa 

PbCoO,.  .  . 
PbSO,.  .  . . 
PbgCPO.^s. 


t. 


19 

19 

19 

19 

19 
19 

19 
19 
24 

19 
19 
25 

19 

20 

20 

19 
19 
19 
19 
19 


94 

95 
96 

96 

96 

94 

95 
96 

96 

96 

46 

o 

96 

06 

15 

94 

94 

95 
96 

96 


1995 


19.96 


20. 10 


19.96 


19 
19 
19 
19 
24 
19 


94 
96 
q6 
q6 

95 
Q5 


Conductivity 

X106 
less  that  of 


19.68 

1-33 
0.057 

0.096 

0.19 

663.9 

1405 

29.27 

3598 
28.76 

6.10 


168.0 
220.9 
26.18 
140.0 
108.0 
154.2 

534.4 
216.0 


5354 


3692 

338.4 
2640 

4635 

255 

1-5 
1.52 

40.19 

0.14 


i.e.  ^00  • 


125 

125 

127 

116 

115 

105 

92.5 
237.2 

259  I 

123.7 

135  o 


9 

5 

I 

I 

5 
3 


137-3 
138.9 

138.0 

127.9 

117. 1 

104.3 

135.5 


^32> 


134.6' 


133 -7 

f 
123.6^ 

I 

112 .8 

244 -7 

127-5 
131. 2 

151 .2 

142.5 


Ionic  Concentratic 
Equivalents  per  lit 


I.56X10- 
i.o6Xio" 
4-5  Xio- 
8.2  Xio- 
1.6  Xio" 
6.30X10" 
1.51X10- 
I.23XIO- 
1.38X10- 
2.32X10- 
45   Xio- 


1. 22  Xio— 
1. 59X10 
1. 89X10 
1.09X10" 
9.22X10" 
1. 47X10 
3.94X10 


t 


SOLUBLE 

SALTS. 

Chenj.,  46,  521,  1903.) 

SolubiUty 

Total  Con- 

.Gram  in 

Product 

Gr 

ms  P^r  Liter, 

(Moles). 

Um^ralmta" 

2.44X1Q-' 

3.9gXio-' 

0.5^4 

2.03 

491. 1 

i.iiXio-"' 

t, 06X10-' 

53X10- 

6536°° 

2.0   X10-" 

4-S    X10-' 

84X  io-< 

6.8  X10-" 

8.2   Xio-'" 

3  X10-' 

7300000 

2.6  X10-" 

1,6  X10-' 

2   X10-' 

4540000 

3-97Xio-> 

6.7   X.O-' 

943         I 

58X.0-' 

S38-8 

2.31X10-' 

I -54X10-' 

994         4 

35X10-' 

22970 

..S2X.O-' 

1-84X.0-* 

668            2 

14X10-' 

46700 

1.93X10-' 

2.16X10-' 

b4i 

SoX.o- 
65X10-' 

40000 

6.29X10-" 

2,40X10-* 

977           3 

'739° 

i.j   X10-" 

4.6  X10-' 

98 

64X 10-' 

issooo 

a.aSXio-" 

1.S0X10-' 

V.jVxio-' 

0. 

90              3 

JsXio-'' 

3''7-i 

a. 53X10-" 

i.64X.o-> 

968         0. 

76X10-' 

3.6oXic-> 

1. 92X10-^ 

989         0, 

36X.0-' 

15710 

1 .  19X 10-' 

906           3 

15X10-' 

317  1 

8.50X10-' 

g.tMXiQ-' 

927            3 

46X 10-' 

288.7 

a-i9Xio-' 

1.32X10-' 

971         o- 

78X10-' 

1730 

3.06X10-' 

6-35X10-^ 

62            15 

77Xio-| 

63-4 

4650 

0 

044 

6,91X10-' 

undiss,          9 
PbCl, 

0,05 

4,54X10-' 

undiss,          8 

34X.O-' 

119 

PbBr, 

8.10X10-' 

z.6iXio-> 

0,97           0, 

70X10-' 

21»7 

2,78X10-' 

^d^ 

50X10-' 

232    0 

Pb(SCN), 

3.47X10-' 

5-78X10-' 

0  71            13 

37X10-' 

74.78 

1.53X10-; 

68                1 

71X10-' 

58600 

o.36x'io-'*' 

96               . 

6  X10-' 

595000 

o.338X.o-"> 

95              1 

556000 

i-jexio-" 

2.88X10-^' 

02                  4 

3BX.0-' 

32830 

I.I  XIO-" 

i.o   Xio  ' 

°"    !  ■ 

3  X10-* 

7400000 
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SOLUBILITY  OF  .SILVER  SALTS. 


Chloracetate..  l^^ 

Borate 25** 

Acetate i8^6 

Propionate. . .   18® 
Sulphate  ....   18** 

»5" 
Butyrate 18® 


(Moles  per  liter.) 


6.4  X10-' 
6      X  io-» 

5.9  Xio-» 
4.6  X10-' 
2.33X10-' 
2.57X10-' 
2 .  23X 10-' 


Valerate 

Behzoate 

Salicylate 

Chromate 

Carbonate 

Sulphide 


18°  9.5X10- 

H^'.S  7  •  7X10- 

iS"*  3-9X10- 

18®  i.7Xio-< 

25°  1.2X10-^ 

18®  4     X  lo- 


SOLUBILITY  PRODUCTS. 


Sub.  I 

Hga(SCN),. ....  25« 

Hgala 25« 

HgaBr,. 25^ 

Hg^Cla. 25^ 

HgCl2 250 

HgBr2 25'' 

Hgl2 25<' 

Hg(OH)2 17° 

Zn(OH)2 17° 

Ni(OH)a if 

Co(OH)2 17° 

Cd(OH)2 17° 


(Moles  per  liter.) 


Solubility. 
1.7X10-' 
2.5Xio-*'> 
5.6Xio-» 
o.8Xio-« 
0.262 


Cone,  of  Ions. 


Hg," 

Hga- 

Hga" 

Hg- 

Hg" 

Hg- 


'  3X10-*° 
'  7Xio-» 
'  iXio-« 
9Xio-« 
27X10-' 

•■2    XlO-*® 


I.8XIO-'® 

i.2Xio-'» 

1.3X10-" 

3.5X10-1' 

2.6X10-1' 

8     Xio-2« 

3.2X10-" 

1. 5X10-2' 

4.8X10-1 

2.1X10— ' 

5.4X10-' 

2.7X10-'^ 


% 


TABLES. 
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SOLUBILITIES   AT    18°. 

A18  X  10*         Mg.  Eq.  per  Liter. 

BaFs 1530  18.4 

SrF2 172  1.87 

CaFa 40  o .  42 

MgFa 224  2.8 

PbF2 431  5-2 

BaSO^ 2.4  o  .020 

SrSO^ 127  1 .  24 

BaCr04 3.2  0.03 

PbCrO^ 0.1  o.ooi 

BaC204-2H20 :...  78.3  0.76 

SrCaO^ 54  0.52 

CaC20^-2H20 9.6  0.087 

MgCaO^'  2H2O 200  5 .  36 

ZnC20^.2H20 8.0  0.083 

CdC20,-3H20 27.0  0.33 
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ELECTRICAL  CONDUCTIVITY  (MOLECULAR) 


Solvent. 


AJlylalcohol. . 
Benzylalcohol. 
Paraldehyde. . 


<  ( 


Salicylaldehyde 

Furfurol 

Methylpropylketone. . . 

Acetophenone 

Ethylmonochloracetate. 


(( 


<< 


Ethylcyanacetate. 


(( 


<< 


Ethyloxalate.  . 
Ethylbenzoate. 
Amy  Initiate . . . 
Nitrobenzol.  . , 


( < 


Orthonitrotoluol. 


( ( 


Metanitrotoluol. 
Benzonitril.  .  .  . 
Pyridine 


Piperidine. 
Chinoline. 


Salt. 


FeClj 

FeCl, 

FeCls 

SbCls 

FeClj 

FeClj 

FeCIa 

FeClj 

FeCls 

SbCla 

CuClj 

FeCls 

AgNO, 

CuCl^ 

FeClj 

FeClg 

FeClg 

BiClg 

AlClg 

FeClg 
SbClg 
FeClg 

AgNOg 

FeClg 

AgNOg 

AgCN 

Pb(NOg)2 

CuClj 
Hg(CN)2 

Hgl2 
AgzCeH^Og 

C0CI2 
AgNOg 

AgNOg 


specific  Coodtic- 
tivity  of  Solvent 


6.5X10 

1. 8X10 

<3-4Xio 


-« 
-« 
-7 


6.0X10 
2.4X10 
9-5X10 
1. 8X10 

<i.7Xio 


-« 
-5 
-7 
-7 

-6 


3.7X10 


-7 


7.1X1O 
1. 8X10 
1. 8X10 

<3-SXio 


-7 
-7 
-7 

-7 


<i.8Xio 


-7 


<i.8Xio 
1. 9X10 
7.5X10 


-7 
-« 
-7 


<i.8Xio 
3.7X10 


-T 

-7 


♦  See  Lincoln.    J-  P^T^ 


TABLES, 
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IN  NON-AQUEOUS  SOLVENTS,  25°.* 


20.02 
88.06 

4-37 

5-57 
20.4 

45-6 
13.64 
23.46 
7.76 

4.25 
13  32 

10.62 
29.85 

13-15 

29 -45 
21.34 

8.5 
4.69 

10.94 

3.4 

10.86 

2.1 

6.1 

7.55 
14.64 

21. 1 

45- 1 

5-35 
21.8 

^40.7 
74.06 

4.24 

4.8 


17.42 
2.62 
9.81 
0.202 

3.76 
20.78 
28.25 
10.28 
12.45 

0.174 

1.24 

8.88 

4.19 

7.00 

5.88 

1.55 
1.54 
0.8 

3.67 

8-37 
0.056 

6.86 

3-37 
7.96 

24.1 

4.78 
0.81 

0.98 

0.012 

0.35 
14.64 

0.2 

0.368 

2.45 


53.71 

895 . 22 

42.52 

20.76 

81.38 
80.98 
22.83 

65.77 
22.09 

11.49 


27.08 
28.3 
41.67 
42.29 
174.28 

38.74 
34.02 

938 
25.99 

6.55 
84.77 
16.3 

24.58 

51.43 
38.4 
55.96 
57.04 

13.1 
93.6 

1505.9 

805.3 
7.88 

9.6 


23  03 

6.31 
18.76 

0.356 

4.71 
22.2 

31.07 

11.59 

13.75 
0.201 


115-6 


9.29 

5.29 
7-5 
5.92 
1. 61 

1.74 
0.96 

4.51 
10.74 

0.088 

12.55 
5.2 
6.85 

295 
5.42 

1-57 
1. 16 

0.014 

1.4 

35-3 

1.45 
0.154 

2.79 


183. II 

61.16 

220 .  74 

149.21 

53.36 

124.91 

92.05 

44.73 


32.15 


44.64 

58.57 

59.4 

94-79 
517.21 

264. 16 

136.07 


16.51 
0.522 

5-6 
26.42 

36.98 
12.03 

16.38 

0.337 


9.8 

6.46 

8.08 

6.25 

1. 91 

3.00 

1.07 


575.5 


16.91 


100.71 
292 . 98 

152.55 


185.22 
110.97 

97.77 
342.85 


74.28 
19.82 
448. 14 
24. 1 

93-7 

392.3 
100.47 

168.5 


357-4 
200.1 


10.5 
34.9 


13.32 
0.244 

19.00 
7.66 

5-9 
40. 16 

6.16 
3.25 


0.53 
2.7 


644.56 
272. 14 


201.43 
39.  ic 

814.8 
44.62 

159-55 
784.6 

393.0 


42.76 
13.08 
17.88 


11-57 
7.66 

12.8 

7.7 


3.73 
I.  II 


0.091 
2.8 


15.24 

0.39 
18.2 

10.12 

5.57 
45.21 

6.^7 


15.6 
129.8 


0.043 
3.62 


Cb^m.,  3,  457.  1899. 
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ELEMENTS  OF  PHYSICAL  CHEMISTRY. 


SOLUBILITY   OF    GASES    IN    WATER    AT    o^     760    MM. 
VOLUMES  OF  GAS  IN   ONE  VOLUME  OF  WATER. 


H    =0.0193 
N    =0.02035 
O    =0.04114 
NO  « 1. 3052 


C02=       1.7967 
HiS  =       4-3706 
S02=     79789 
NH,=  ii48.8 


LIQUEFACTION   OF   GASES. 


Pressures  in  atmospheres  at  0°. 

SO,  =  1.53 
CN  =  2.37 
HI  -  3.97 
NH,=  4.4 

CI     =  4 
HiS  =10 
NO  =32 
CO,  =35.4 
HC1=  about  42 


Temperatures  at  atmos.  pressure. 


SO,  = 

-loO 

CN  = 

—  22 

NH,- 

-36 

CI     « 

-50 

CO,= 

-87 

DIELECTRIC   CONSTANTS   AT   20P. 


Water,  H2O 81.12 

Formic  acid,  HCOOH.  ...   57 
Nitromethanc,  CH3NO,.  ..    56.4 
Acctonitrile,  CH3CX.  .  ..ab.  40 
Mcthvklcohol,  CH3OH. ...    32 . 5 
Propionitrile,  CHjCH^CX  ab.  30 
Ethylalcohol,  C.HjOH.  ...   26.8 
.\cetaldehvdc.  CH3COH.  ..    21.  i 

.\cetone,  CH3COCH3 20. 7 

Glycerine. 

CH^OH.CHOH.CH^OH    16.5 
Eihylnitrate,  CjHjGXO,.  ..    19.6 

XH, 16.2 

SOj. 13-75 


Pyridine,  C5H5N ab.    20 

Piperidine,  C5H10NH.    .      >20 
Acetylchloride,  CH3COCI    .154 

Methyliodide,  CH3I 7.2 

Ethylacetate,  CH3COOC2H5   5.8 

Chloroform,  CHCI3 5.2 

Ether,  (C^j^O 4.36 

Benzene,  CeHg 2 .  29 

Toluol,  CeHjCHj 2.31 

Aniline,  CeH^XH^. 7.31 

Chinolin,  C9H7N g  n 

Benzylcyanide,  C^Yi^CU^CS  15 

Benzonitrile,  CgHjCN 26 

Nitrobenzene,  CJH^^O^  . .  36.45 
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Depsession  of  the  Freezing-point,  Kf.p,, 

Solvent.                                          -^/.p.  ^  ^  mole  in  1000  erams). 
Benzene 4.9 

Phenol 7.4     ♦ 

Water 1.86 

Acetic  acid 3.9 

Nitrobenzene 7.05 


Increase  of  the  Boiling-point,  Kh.p.. 

■ 

Solvent.  ^h.p.  ('  niole  ui  ^^^^  grams). 

Water 0.52 

Carbon  tetrachloride 4.8 

Chloroform 3. 66 

Methyl  alcohol 0.88 

Ethyl  alcohol i .  15 

Ether 2. 11 

Acetone i  .67 

Benzene 2.67 

Aniline 3. 22 

Phenol 3.04 
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LOGARITHMS. 


Proportional  Parts. 


i6  387*  i' 
|i  404841 


— 

i 

,3D0 
7380 

lii 

join 
73afi 

■/y« 

VMJ 

'Xt 

"'■'' 

J7(.o 

776, 

J7V4 

m 


1 

1 

r 

1 

^^^^^"                              TABLES.                                                              1 

^H                               LOGARITHMS— Continue.                                                       \ 

Proportional  Parts.                       ■ 

0 

I 

3        3 

4 

S       6        7    1    H       9 

,^^ 

4  5  8     7  8  9 

1781 

7780 

77W6  7S03 

j8,o 

78js'j8is'jS317K39  7S41S 

3     4     4     5     6     6 

JSSJ 

J  860 

78(18  787s 

788! 

78897896  7903  79"0  79"7 

7938;     945 

795979667973     9S0     987 

63 

3=07;  801 4 

s"i 

8oj8  8035:8041     048    =55 

84 

r>6:> 

ioBg 

io7s;8o8i.8o8ij 

(096  8io!;8i09     116     III 

K 

*.*9  8>S6 

l_ 

Hi 

8s5j 

*''* 

i.87 

ia!8, 83358141;    148     .54 
8i93  829983o6831J83i9 

3     3     4     i     S     6 

i's 

833. 

833S 

1344 

83S1 

8357,8363  8310IS376  8383 

j88 

!£?! 

84= 

8407 

84  4 

84  084168431184398445 

S451 

|.57 

8465 

(470 

8476 

S48i'8   88849485008506 

«S   ^ 

i   4          49 '555  85618567 

7-1                                                                                            aj    9  8,45 

75                                                                                     Q     8,9j88oJ 

7b                                                                                     4888548855 

3                                                                                           48903915 

I       78    Bg 

9   u         4  89608965  897  I 

^^ 

..VV" 

■■ 

^ 

U03(i 

004. 

904? 

9=53 

9058  9063  9o6o'9074  90J9 

,  ,      , 

^^i 

5085 

9=56 

91.i!9ri7l9i"9iia9,3: 

6S 

qtjS 

B19t 

gi 

9.4S 

925a 

9160I9174 

917991849189 

BS 

M 

9341 

H7 

9»5 

9400 

S 

o«; 

Ittl 

9460 

9SU 

«?8  9S13 

0479  0484  9489 
05i895n9S38 

itt    m 

M 

9541 

9547 

955' 

9SS7 

9S6l 

^!^7T 

957695810586 

■ 

g6oo 

96.4'96l9  9614,9618  9633 

344     ■ 

gftjl 

9647 

ii 

96610666967196759680 

344     ■ 

,6B: 

969. 

97oa;97.3|97i'|97il97i7 

344     ■ 

9M' 

97S4'97S9;9763|9768  0773 

344     ■ 

o?ai 

9Soo9S=5'98o9  9814  9818 

344     ■ 

983: 

98j: 

9841 

984s' 985010854  9859  086, 

344     ■ 

9868 

987; 

987 

988 

988i 

9890, 9894;  9899 ,9903  9908 

344     ■ 

W 

9911 

9034  993  9 1 9943  9948. 99  S' 

344     ■ 

m 

91S6 

99S1 

9974 

9978  9983  9987  990119996 

°'      ' 

^.  I 

•     •       J 

1                            J 

J 

i 
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Adiabatic  compression  and  expansion, 
Ampe 
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386 

Association,  Factor  of 8i-86,  89,  90,  98,  99 

Atomic  weights  and  combining  weights 3-5 

Atomic  weights  in  molecular  weights,  Number  of 50 

Avogadro's  law 12 

Babo,  Law  of 1 58 

Basicity  of  an  acid 409,  410 

Boiling-point 64-66 

,  Determination  of  the 172 

,  Increase  of  the 167-172,  197 

Boyle's  law 6 

Calorie,  Large 215 

,  Ostwald 215 

,  Small 215 

Catalytic  action  of  hydrogen  ion 285-289 

Cell,  Bichromate 467,  462 

Chemical  or  thermodynamical  theory  of  the 425-429 

Clark 459,  460 

Concentration 446-451 

Daniell ...''. 424,  425,  428 

Gas 428,  448;  449»  455 

Helmholtz 423 

Leclanchd 460 

One-volt 424 

Osnjotic  theory  of  the -. . . .  429-438 

Storage 462 

f  Weston 423 

«3 
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INDEX. 


« 


PA6I 

Charles,  Law  of 6 

Chemical  change 236 

at  constant  pressure 222 

volume 222 

kinetics 278 

Coefficient  of  affinity 301 

partition  or  distribution 200,  267,  310, 362 

Color  of  solutions 383 

ConduL-ivity,  Determination  of  the 398 

of  mixtures 419 

neutral  salts 410 

J      organic  acids 403 

,  Solubility  by  aid  of  the 414-416 

,  Temperature  coefficient  of 413 

,  The  molecular  and  equivalent 397 

,  The  specific 396 

Constant,  Affinity,  dissociation,  or  equilibrium 242,  248,  250,  301 

Ionization 301 

of  a  reaction  of  the  ist  order 282 

2d      '*    289 

3d      " 293 

hydrolytic  dissociation 355 

Coulomb 386 

Cycle,  The  thermodynamic 55 

Dalton's  law 11 

Decomposition  of  HjO,  Primary 471 

values 464-466 

Dielectric  constant  and  ionizing  power 4r6 

Dissociation  and  external  pressure _ 26 

,  Constant  of 242,  248,  250,  301 

,  Degree  of 191,  251,  318 

,  Electrolytic 191 

from  E.M.F 451 

,  Gaseous 23,  251 

,  Heat  of,  of  gases 273 

,  ,  of  solids 274 

,  Hydrolytic 342-365,  404-406 

,  Non-electrolytic 266 

ofH,0 , 339 


>*, 
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PAOB 

Dissociating  power  and  dielectric  constant 416 

Dilution  law,  Bancroft's 326 

,  Ostwald's 300 

,  Rudolphi's 322 

,  van't  Hoff's 322 

Distribution  of  a  substance  between  two  solvents. .  201,  267,  310,  362,  365 
Dyne ■. 2 

Electric  conductivity,  see  Conductivity. 

Electricity,  Mechanical  equivalent  of 387 

,  Thermal  equivalent  of 387 

Electrochemistry 386-476 

Electrodes,  Concentration  of 446-449 

,  Normal 442 

Electrolysis 464 

Electrolytic  solution  pressure 457,  469 

Electromotive  force 422-464 

Energy,  Electrical 287 

,  Kinetic 2 

,  Mechanical ' 2 

,  Potential 2 

Equation  of  state  for  gases 9 

van  der  Waals 35 

Equilibrium 236 

and  external  pressure 26 

between  gases  and  solids 256-261 

,  Constant  of 242 

,  EfiFect  of  temperature  upon 269-278 

Erg 3 

Evaporation,  Heat  of 68-77 

Faraday,  Law  of 388 

Film,  Semipermeable 143 

Force 2 

Freezing-point  and  external  pressure 105 

vapor-pressu^;e 198 

,  Depression  of  the 172,  199 

,  Determination  of  the 178,  180 

,  Molecular  depression  of  the 175 

of  mixtures 419 

Fusion,  Latent  heat  of 103 


536  INDEX. 
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Gas  constant,  Molecular 9 

,  Specific 9 

,  Equation  of  state  for  a 9 

laws 6-13 

Gases  and  liquids,  Distinction  between 61 

in  liquids 131,  132 

,  Specific  gravity  of 13 

,  Deterifnination  of  specific  gravity  of 16 

Gay-Lussac,  Law  of * 6 

Heat,  Atomic : .  100 

,  Capacity  for 39 

,  Determination  of  specific 51 

,  Latent ■...  68,  75,  102,  109 

of  association  of  the  ions  of  water 231 

dissociation 274-276,  445 

evajKjration 68,  273 

formation 218 

ionization 276,  327,  445 

neutralization 231,  329 

precipitation 232 

solution 216 

vaporization 68,  273 

,  Specific 39»  51 

Hess,  Law  of 213 

van't  Hoff,  Law  of I49>  ^S^ 

Hydrolytic  dissociation,  Constant  of 342-365,  404-406 

Ionic  concentrations 45° 

equilibria 365-383 

Ionization 195-^97 

and  solubility 33^342 

constant 299 

from  increased  solubility 3^5-37^ 

,  Heat  of 327 

Ions  in  thermal  reactions 229-235 

,  Migration  of  the 386-396 

Isohydric  solutions 3^4»  3^5 


Joule 


216 
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Kohlrauscb,  Law  of 400 

Le  Chatelier,  Theorem  of  .  ^ 33 

Liquids  in  liquids 132-139,  164-167 

Liter  atmosphere. 10,  41 

Mariotte*s  law • 6 

Mass  action,  Law  of 237 

Migration  of  the  ions,  Absolute  velocity  of 406-409 

in  terms  of  conductivity 400-403 

Mixtures,  Conductivity  of ; 419 

,  Freezing-point  of \ 419 

Mole 9 

Molecular  weight  from  depressed  solubility 201-204 

depression  of  the  freezing-point 172 

depression  of  the  vapor-pressure 158 

distribution  between  two  solvents, 

201,  267,  310,  362 

falling  drop  weight 92 

heat  of  evaporation 68 

increase  of  the  boiling- jxjint 167 

osmotic  pressure 143 

surface  tension 83 

vapor  density 13 

Non-homogbneous  systems 256,  297 

Ohm 386 
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Waddell  and  Harringtoon's  Bridge  Engineering.     (In  Preparation.) 
Wright's  Designing  of  Draw-spans.     Two  parts  in  one  volume 8vo, 
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HYDRAULICS. 


Barnes's  Ice  Formation 8vo,  3  00 

Bazin's  Experiments  upon  the  Contraction  of  the  Liquid  Vein  Issuing  from 

an  Orifice.      (Trautwine.) 8vo,  2  00 

Bovey's  Treatise  on  Hydraulics 8vo,  6  00 

Church's  Diagrams  of  Mean  Velocity  of  Water  in  Open  Channels. 

Oblong  4to,  paper,  1  50 

Hydraulic  Motors 8vo,  2  00 

Coffin's  Graphical  Solution  of  Hydraulic  Problems 16mo,  mor.  2  50 

Flather's  Dynamometers,  and  the  Measurement  of  Power 12mo,  3  00 

Folwell's  Water-supply  Engineering 8vo,  4  00 

Frizell's  Water-power 8vo,  6  00 

Fuertes's  Water  and  Public  Health 12mo,  1  60 

Water-filtration  Works 12mo,  2  60 

Ganguillet  and  Kutter's  General  Formula  for  the  Uniform.  FVcyw  oi'^^\«t  va. 

Jiivers  and  Other  Channels.     (Hering  and  TtauViravft^i .V«<ix    ^^  ^*^ 

7 


Hasen's  Clean  Water  and  How  to  Get  It Large  12mo,  $1  50 

Filtration  of  Public  Water-supplies 8vo,  3  00 

Haselhurst's  Towers  and  Tanks  for  Water-works 8vo.  2  50 

Herschel's  115  Experiments  on  the  Carrying  Capacity  of  Large,  Riveted,  Metal 

Conduits 8vo,  2  00 

Hoyt  and  Grover's  River  Discharge 8vo,  2  00 

Hubbard  and   Kiersted's   Water-works  Management  and   Maintenance. 

8vo.  4  00 

*  Lyndon's   Development  and  Electrical  Distribution   of   Water   Power. 

8vo,  3  00 
Mason's  Water-supply.     (Considered   Principally  from   a   Sanitary   Stand- 
point.)   8vo,  4  00 

Merriman's  Treatise  on  Hydraulics 8yo,  5  00 

*  Molitor's  Hydraulics  of  Rivers,  Weirs  and  Sluices 8vo,  2  00 

*  Richards's  Laboratory  Notes  on  Industrial  Water  Analysis 8vo,  50 

Schuyler's  Reservoirs  for  Irrigation,  Water-power,  and  Domestic  Water- 
supply.     Second  Edition.  Revised  and  Enlarged Large  8vo,  6  00 

*  Thomas  and  Watt's  Improvement  of  Rivers 4to,  6  00 

Tumeaure  and  Russell's  Public  Water-supplies 8vo.  5  00 

Wegmann's  Design  and  Construction  of  Dams.     5th  Ed.,  enlarged 4to,  6  00 

Water-Supply  of  the  City  of  New  York  from  1658  to  1895 4to,  10  00 

Whipple's  Value  of  Pure  Water Large  12mo.  1  00 

Williams  and  Hazen's  Hydraulic  Tables 8vo,  1  50 

Wilson's  Irrigation  Engineering 8vo,  4  00 

Wood's  Turbines 8vo,  2  50 


MATERIALS   OP   ENGINEERING. 

Baker's  Roads  and  Pavements 8vo,  5  00 

Treatise  on  Masonry  Construction gvo,  5  00 

Black's  United  States  Public  Works Oblong  4to,  5  00 

Blanchard's  Bituminous  Roads.     (In  Press.) 

Bleininger's  Manufacture  of  Hydraulic  Cement.     (In  Preparation.) 

*  Bovey's  Strength  of  Materials  and  Theory  of  Structures 8vo,  7  50 

Burr's  Elasticity  and  Resistance  of  the  Materials  of  Engineering 8vo,  7  50 

Byrne's  Highway  Construction gvo,  5  00 

Inspection  of  the  Materials  and  Workmanship  Employed  in  Construction. 

16mo,  3  GO 

Church's  Mechanics  of  Engineering gvo,  6  00 

Du  Bois's  Mechanics  of  Engineering. 

Vol.    I.  Kinematics,  Statics,  Kinetics Small  4to,  7  50 

Vol.  II.  The  Stresses  in  Framed  Structures,  Strength  of  Materials  and 

Theory  of  Flexures Small  4to,  10  00 

*  Eckel's  Cements,  Limes,  and  Plasters 8vo,  6  00 

Stone  and  Clay  Products  used  in  Engineering.     (In  Preparation.) 

Fowler's  Ordinary  Foundations gvo  3  50 

*  Greene's  Structural  Mechanics gvo  2  50 

*  Holley's  Lead  and  Zinc  Pigments Large  12mo,  3  00 

Holley  and  Ladd's  Analysis  of  Mixed  Paints,  Color  Pigments  and  Varnishes. 

Large  12mo,  2  50 
Johnson's  (C.  M.)  Rapid  Methods  for  the  Chemical  Analysis  of  Special  Steels 

Steel-making  Alloys  and  Graphite Large  12mo!  3  00 

Johnson's  (J.  B.)  Materials  of  Construction Large  8vo  6  00 

Keep's  Cast  Iron gvo|  2  50 

Lanza's  Applied  Mechanics gvo  7  50 

Maire's  Modem  Pigments  and  their  Vehicles 12mo  2  00 

Martens's  Handbook  on  Testing  Materials.     (Henning.)      2  vols gvo  7  50 

Maurer's  Technical  Mechanics gvo  4  00 

Merrill's  Stones  for  Building  and  Decoration gvo  5  00 

Merriman's  Mechanics  of  Materials gvo  5  00 

*  Strength  of  Materials 12mo  1  00 

Metcalf's  Steel.     A  Manual  for  Steel-users 12mo  2  00 

Morrison's  Highway  Engineering gvo,  2  50 

Pat  ton's  PracticaY  TteaUse  on  Y  ourvOiOLUotvs. gvo|  5  00 

Rice's  Concrete  Block  ^\atvui2ic\.ute .^^<^  2  00 
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Richardson's  Modem  Asphalt  Pavements. Svo, 

Richey's  Buildiog  Poreoian's  Pbcket  Book  and  Ready  Reference.  KlnKKinor. 

*  Cement  Workers'  and  Plasterers'  Edition  (Building  Mechanics'  Ready 

Reference  Series) Ittmo,  mor. 

Handbook  for  Superintendents  of  Construction Ittmo,  mor. 

*  Stone    and    Brick    Masons'    Edition   (Building    Mechanics*    Ready 

Reference  Series) Ittmo,  mor. 

t  Ries's  Clays:  Their  Occurrence,  Properties,  and  Uses 8vo, 

*  Ries  and  Leifi^ton's  History  of  the  Clay- working  Industry  of  the  United 

■  States Svo. 

Sabin's  Industrial  and  Artistic  Technology  of  Paint  and  Varnish.. Svo, 

Smith's  Strength  of  Material 12mo, 

Snow's  Principal  Species  of  Wood Svo, 

Spalding's  Hydraulic  Cement lamo, 

Text-book  on  Roads  and  Pavements 12mo, 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced Svo, 

Thurston's  Materials  of  Engineering.     In  Three  Parts Svo, 

Part  I.     Non-metallic  Materials  of  Engineering  and  Metallurgy.. .  .Svo, 

Part  II.     Iron  and  Steel Svo, 

Part  III.    A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents Svo, 

Tillson's  Street  Pavements  and  Paving  Materials Svo, 

Tumeaure  and  Maurer's  Principles  of  Reinforced  Concrete  Construction. 

Second  Edition,  Revised  and  Enlarged Svo, 

Waterbury's  Cement  Laboratory  Manual 12mo, 

Wood's  (De  V.)  Treatise  on  the  Resistance  of  Materials,  and  an  Appendix  on 

the  Preservation  of  Timber Svo,     2  00 

Wood's  (M.  P.)  Rustless  Coatings:  Corrosion  and  Electrolysis  of  Iron  and 

Steel Svo,     4  00 


RAILWAY   ENGINEERING. 

Andrews's  Handbook  for  Street  Railway  Engineers 3X5  Inches,  mor. 

Berg's  Buildings  and  Structures  of  American  Railroads 4to, 

Brooks's  Handbook  of  Street  Railroad  Location 16mo,  mor. 

Butts's  Civil  Engineer's  Field-book 16mo,  mor. 

Crandall's  Railway  and  Other  Earthwork  Tables Svo, 

Transition  Curve 16mo,  mor. 

*  Crockett's  Methods  for  Earthwork  Computations Svo, 

Dredge's  History  of  the  Pennsylvania  Railroad.  (1879) Papei 

Fisher's  Table  of  Cubic  Yards Cardboarr], 

Godwin's  Railroad  Engineers'  Field-book  and  Explorers'  Guide..  16mo,  mor, 
Hudson's  Tables  for  Calculating  the  Cubic  (xm tents  of  Excavations  and  Rm« 

bankments Svo, 

Ives  and  Hilts's  Problems  in  Surveying,  Railroa^i  Surveying  and  Geodesy 

Idmo,  mor. 

Molitor  and  Beard's  Manual  for  Resident  Engineers ](Vmo, 

Nagle's  Field  Manual  for  Railroad  Engineers I6mo,  mor. 

*  Orrock's  Railroad  Structures  and  Estimates Svo, 

Philbrick's  Field  Manual  for  Engineers 16mo,  mor. 

Raytnond's  Railroad  Engineering.     3  volumes. 

VoL      I.  Railroad  Field  Geometry.     (In  Preparation.) 

Vol.    II.  Elements  of  Railroad  Engineering Svo,     3  50 

Vol.  III.  Railroarl  Engineer's  Field  Book.     (In  Preparation.) 
Searles's  Field  Engineering Iftmo,  mor. 

Railroad  Spiral Iftmo,  mor. 

Taylor's  Prismoidal  Formulae  and  Earthworic Svo, 

*  Trautwine's  Field  Practice  of  Laying  Out  Circular  Curves  for  Railroarls. 

12mo.  mor, 
♦  Method  of  Calculating  the  Cubic  0»ntent?  of  Exr^avations  and  Em- 
bankments by  the  Aid  of  Diagrami Svo, 

Webb's  Econorr.ic^  or  Railroad  Construction Large  I2mo, 

Railroad  Construction 1  f^mo,  mor. 

Wellington's  Economic  Theory  ot  the  Loca^jon  of  Railways La.t<®t  \1tw>, 

Wilson's  Elements  of  Rai /roa<i-Trac«c  and  Cx>t\strACUc>n. V1^x\c>, 
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DRAWIlfG. 


Barr's  Kinematics  of  Machinery Svo, 

*  Bartlett's  Mechanical  Drawing 8vo 

*  "  "  ••  Abridged  Ed 8vo 

Coolidge's  Manual  of  Drawing 8vo,  paper, 

Coolidge  and  Freeman's  Elements  of  General  Drafting  for  Mechanical  Engi- 
neers  Oblong  4to 

Durley's  Kinematics  of  Machines ' 8vo 

Emch's  Introduction  to  Projective  Geometry  and  its  Application 8vo, 

French  and  Ives'  Stereotomy 8vo, 

Hill's  Text-book  on  Shades  and  Shadows,  and  Perspective 8vo 

Jamison's  Advanced  Mechanical  Drawing 8vo, 

Elements  of  Mechanical  Drawing 8vo, 

Jones's  Machine  Design: 

Part  I.    ICinematics  of  Machinery 8vo 

Part  II.  Form,  Strength,  and  Proportions  of  Parts. 8vo, 

Kimball  and  Barr's  Machine  Design.     (In  Press.) 

MacCord's  Elements  of  Descritpive  Geometry 8vo, 

Kinematics;  or.  Practical  Mechanism 8vo 

Mechanical  Drawing 4to 

Velocity  Diagrams 8vo, 

McLeod's  Descriptive  Geometry Large  12mo 

*  Mahan's  Descriptive  Geometry  and  Stone-cutting 8vo 

Indtistrial  Drawing.     (Thompson.) 8vo, 

Moyer's  Descriptive  Geometry 8vo 

Reed's  Topographical  Drawing  and  Sketching 4to 

Reid's  C^otirse  in  Mechanical  Drawing 8vo, 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design..8vo, 

Robinson's  Principles  of  Mechanism 8vo 

Schwamb  and  Merrill'.s  Elements  of  Mechanism 8vo 

Smith  (A.  W.)  and  Marx's  Machine  Design 8vo 

Smith's  (R.  S.)  Manual  of  Topographical  Drawing.     (McMillan) 8vo 

*  Titsworth's  Elements  of  Mechanical  Drawing Oblong  8vo 

Warren's  Drafting  Instruments  and  Operations 12mo 

Elements  of  Descriptive  Geometry,  Shadows,  and  Perspective 8vo 

Elements  of  Machine  Construction  and  Drawing 8vo 

Elements  of  Plane  and  Solid  Free-hand  Geometrical  Drawing.  .  .  .  12mo 

General  Problems  of  Shades  and  Shadows Svo 

Manual  of  Elementary  Problems  in  the  Linear  Perspective  of  Forms  and 

Shadow 12mo 

Manual  of  Elementary  Projection  Drawing 12mo 

Plane  Problems  in  Elementary  Geometry 12mo 

Problems,  Theorems,  and  Examples  in  Descriptive  Geometry Svo 

Weisbach's     Kinematics    and    Power    of    Transmission.      (Hermann    and 
Klein.) Svo 

Wilson's  (.H.  M.)  Topographic  Surveying Svo 

*  Wilson's  (V.  T.)  Descriptive  Geometry Svo 

Free-hand  Lettering Svo 

Free-hand  Perspective Svo 

Woolf's  Elementary  Course  in  Descriptive  Geometry Large  8vo 


$2  50 
300 
150 
100 


ELECTRICITY   AND   PHYSICS. 


*  Abegg's  Theory  of  Electrolytic  Dissociation,     (von  Ende.) 12mo.  1  25 

Andrews's  Hand-book  for  Street  Railway  Engineering 3X6  inches,  mor.  1  25 

Anthony  and   Brackett's  Text-book  of  Physics.     (Magie.) .  . .  .Large  12mo,  3  00 
Anthony  and   Ball's  Lecture-notes  on  the  Theory  of  Electrical  Measure- 
ments  12mo,  1  00 

Benjamin's  Historv  oi  E\ecU'\c\\.v Svo,  3  00 

Voltaic  Cell Svo,  3  00 


Betts'ft  Lead  Refining  and  Electrolysis 8vo,  $4  00 

Classen's  Quantitative  Chemical  AxuUysis  by  Electrolysis.     (Boltwood.)-8vo,  3  00 

*  CoUins's  Manual  of  Wireless  Telegraphy  and  Telephony 12mo.  1  50 

Mor.  2  00 

Crehcre  and  Squier's  Polarizing  Photo-chronograph. 8vo.  3  00 

*  Danneel's  Electrochemistry.     (Merriam.) 12mo,  1  25 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book. . . .  16mo,  mor.  5  00 
Dolezalek's  Theory  of  the  Lead  Accumulator  (Storage  Battery),     (von  Ende.) 

12mo.  2  50 

Duhem's  Thermodynamics  and  Chemistry.     (Burgess.) 8vo,  4  00 

Plather's  Dynamometers,  and  the  Measurement  of  Power 12mo,  3  00 

Getman's  Introduction  to  Physical  Science : 12mo, 

Gilbert's  De  Magnete.     (Mottelay) 8vo,  2  50 

*  Hanchett's  Alternating  Currents ; 12mo,  1  00 

Hering's  Ready  Reference  Tables  (Conversion  Factors) 16mo,  mor.  2  50 

*  Hobart  and  Ellis's  High-speed  Dynamo  Electric  Machinery 8vo,  6  00 

Holman's  Precision  of  Measurements 8vo,  2  00 

Telescopic  Mirror-scale  Method,  Adjustments,  and  Tests. . . .  Large  8vo,  75 

*  Karapetoff 's  Experimental  Electrical  Engineering 8vo,  6  00 

Kinzbnmner's  Testing  of  Continuous-current  Machines 8vo,  2  00 

Landauer's  Spectrum  Analysis.     (Tingle.) 8vo,  3  00 

Le  Chaielier's  High- temperature  Measurements.  (Boudouard — Burgess.  )12mo,  3  00 

Ldb's  Electrochemistry  of  Organic  Compounds.     (Lorenz) 8vo,  3  00 

*  Lyndon's  Development  and  Electrical  Distribution  of  Water  Power.  .8vo,  3  00 

*  Lyons's  Treatise  on  Electromagnetic  Phenomena.  Vols,  I  .and  IL  8vo,  each,  6  00 

*  Michie's  Elements  of  Wave  Motion  Relating  to  Sound  and  Light 8vo,  4  OO 

Morgan's  Outline  of  the  Theory  of  Solution  and  its  Results 12mo,  1  00 

*  Physical  Chemistry  for  Electrical  Engineers 12mo,  1  50 

*  Norris's  Introduction  to  the  Study  of  Electrical  Engineering 8vo,  2  50 

Norris  and  Dennison's  (bourse  of  Problems  o;i  the  Electrical  Characteristics  of 

Circuits  and  Machines.     (In  Press.) 

*  Parshall  and  Hobart's  Electric  Machine  Design 4to,  half  mor,  12  50 

Reagan's  Locomotives:  Simple,  Compoimd,  and  Electric.     New  Edition. 

Large  12mo,  3  50 

*  Rosenberg's  Electrical  Engineering.    (Haldane  Gee — Kinzbrunner.).  .8vo,  2  00 

Ryan,  Norris,  and  Hoxie's  Electrical  Machinery.     Vol.  1 8vo,  2  50 

Schapper's  Laboratory  Guide  for  Students  in  Physical  Chemistry 12mo,  1  00 

*  Tillman's  Elementary  Lessons  in  Heat 8vo,  1  50 

Tory  and  Pitcher's  Manual  of  Laboratory  Physics. Large  12mo.  2  00 

Ulke's  Modem  Electrolytic  Copper  Refining 8vo,  3  00 


LAW. 

*  Brennan*s  Hand-book  of  Useful  Legal  Information  for  Business  Men. 

16mo,  mor.  5  00 

*  Davis's  Elements  of  Law 8vo,  2  50 

*  Treatise  on  the  Military  Law  of  United  States 8vo,  7  00 

*  Dudley's  Military  Law  and  the  Procedure  of  Courts-martial.. Large  12mo,  2  50 

Manual  for  Courts-martial 16mo,  mor.  1  50 

Wait's  Engineering  and  Architectural  Jurisprudence 8vo,  6  00 

Sheep,  6  50 

Law  of  Contracts 8vo.  3  00 

Law  of  Operations  Preliminary  to   Construction  in  Engineering  and 

Architecture 8vo,  5  00 

Sheep.  5  50 


MATHEMATICS. 

Baker's  Elliptic  Functions. 8vo,     1  50 

Briggs's  Elements  of  Plane  Analytic  Geometry.     (B6cher) 12tQo«    V  Q^ 

*  Buchanan's  PUme  and  Spherical  Trigonometry .Viq«    "V  ^^ 

11 
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Bi^erley's  Harmonic  Punctions 8vo. 

Chandler's  Elements  of  the  Infinitesimal  Calculus. 12nio. 

*  Coffin's  Vector  Analysis. ^ 12nio, 

Compton's  Manual  of  Logarithmic  Computations 12mo, 

*  Dickson's  College  Algebra .Large  12mo, 

*  Introduction  to  the  Theory  of  Algebraic  Equations. Large  12mo, 

Emch's  Introduction  to  Projective  Geometry  and  its  Application 8vo, 

Piske's  Punctions  of  a  Complex  Variable 8vo, 

Halsted's  Elementary  Synthetic  Geometry 8vo, 

Elements  of  Geometry 8vo, 

*  Rational  Geometry 12mo. 

Synthetic  Projective  Geometry 8vo, 

Hyde's  Grassmann's  Space  Analysis 8vo, 

*  Johnson's  (J.  B.)  Three-place  Logarithmic  Tables:  Vest-pocket  size,  paper, 

*  100  copies. 
*  Mounted  on  heavy  cardboard,  8  X 10  inches, 

*  10  copies, 
Johnson's  (W.  W.)  Abridged  Editions  of  Differential  and  Integral  Calculus. 

Large  12mo,  1  vol 

Curve  Tracing  in  Cartesian  Co-ordinates 12mo, 

Differential  Equations. 8vo, 

Elementary  Treatise  on  Differential  Calculus Large  12mo, 

Elementary  Treatise  on  the  Integral  Calculus Large  12mo, 

*  Theoretical  Mechanics 12mo, 

Theory  of  Errors  and  the  Method  of  Least  Squares 12mo, 

Treatise  on  Differential  Calculus Large  12mo, 

Treatise  on  the  Integral  Calculus Large  12mo, 

Treatise  on  Ordinary  and  Partial  Differential  Equations. .  .Large  12mo, 

Karapetoff's  Engineering  Applications  of  Higher  Mathematics. 

(In  Preparation.) 
Laplace's  Philosophical  Essay  on  Probabilities.  (Truscott  and  Emory.)  .  12mo,    2  00 

*  Ludlow  and  Bass's  Elements  of  Trigonometry  and  Logarithmic  and  Other 

Tables 8vo,    3  00 

*  Trigonometry  and  Tables  published  separately Each,     2  00 

*  Ludlow's  Logarithmic  and  Trigonometric  Tables 8vo,     1  00 

Macfarlane's  Vector  Analysis  and  Quaternions 8vo,     1  00 

McMahon's  Hyperbolic  Functions 8vo,     1  00 

Manning's  Irrational  Numbers  and  their  Representation  by  Sequences  and 

Series 12mo,     1  25 

Mathematical   Monographs.     Edited   by   Mansfield    Merriman   and    Robert 

S.  Woodward Octavo,  each     1  00 

No.  1.  History  of  Modem  Mathematics,  by  David  Eugene  Smith. 
No.  2.  Synthetic  Projective  Geometry,  by  George  Bruce  Halsted. 
No.  3.  Determinants,  by  Laenas  Gifford  Weld.  No.  4.  Hyper- 
bolic Functions,  by  James  McMahon.  No.  5.  Hartnonic  Func- 
tions, by  William  E.  Byerly.  No.  6.  Grassmann's  Space  Analysis, 
by  Edward  W.  Hyde.  No.  7.  Probability  and  Theory  of  Errors, 
by  Robert  S.  Woodward.  No.  8.  Vector  Analysis  and  Quaternions, 
by  Alexander  Macfarlane.  No.  9.  Differential  Equations,  by 
William  Woolsey  Johnson.  No.  10.  The  Solution  of  Equations, 
by  Mansfield  Merriman.  No.  11.  Functions  of  a  Complex  Variable, 
by  Thomas  S.  Fiske. 

Maurer's  Technical  Mechanics 8vo,     4  00 

Merriman's  Method  of  Least  Squares 8vo,     2  00 

Solution  of  Equations 8vo,     1  00 

Rice  and  Johnson's  Differential  and  Integral  Calculus.     2  vols,  in  one. 

Large  12mo,     1  50 

Elementary  Treatise  on  the  Differential  Calculus Large  12mo,     3  00 

Smith's  History  of  Modern  Mathematics 8vo,      1  00 

*  Veblen  and  Lennes's  Introduction  to  the  Real  Infinitesimal  Analysis  of  One 

Variable 8vo,     2  00 

*  Waterbury's  Vest  Pocket  Hand-book  of  Mathematics  for  Engineers. 

2jX5f  inches,  mor.     1  00 

Weld's  Determinants 8vo,     1  00 

Wood's  Elements  oi  Co-ordinate  Geometry gvo,     2  00 

Woodward's  ProbablVity  and  T\veoT^  ol  ^ttot^ 8vo,     1  00 

VI 


MECHANICAL  ENGIHEERIHG. 

MATERIALS   OP  ENGINEERING.  STEAM-ENGINES   AND   BOILERS. 

fiacon's  Forge  Practice 12mo,  $1  50 

Baldwin^  Steam  Heating  for  Buildings 12mo,  2  50 

Barr's  KSiematics  of  Machinery 8vo,  2  50 

*  Bartlett's  Mechanical  Drawing 8vo,  3  00 

*  "  *•  *•       Abridged  Ed .8vo.  1  50 

*  Burr's  Ancient  and  Modem  Engineering  and  the  Isthmian  Canal 8vo,  3  50 

Carpenter's  Experimental  Engineering 8vo,  6  00 

Heating  and  Ventilating  Buildings 4 8vo,  4  00 

Clerk's  Gas  and  Oil  Engine.     (New  edition  in  press.) 

Compton's  Pirst  Lessons  in  Metal  Working 12rrio,  1  50 

Compton  and  De  Groodt's  Speed  Lathe 12mo,  1  60 

Coolidge's  Manual  of  Drawing 8vo,  paper,  1  00 

Coolidge  and  Preeman's  Elements  of  Geenral  Drafting  for  Mechanical  En- 
gineers  Oblong  4to,  2  50 

Cromwell's  Treatise  on  Belts  and  Pulleys 12mo,  1  50 

Treatise  on  Toothed  Gearing 12mo,  1  50 

Dingey's  Machinery  Pattern  Making 12mo,  2  00 

Durley's  Kinematics  of  Machines 8vo,  4  00 

Planders's  Gear-cutting  Machinery Large  12mo,  3  00 

Flather's  Dynamometers  and  the  Measurement  of  Power 12mo,  3  00 

Rope  Driving 12mc,  2  00 

Gill's  Gas  and  Puel  Analysis  for  Engineers 12mo,  1  25 

Goss's  Locomotive  Sparks 8vo,  2  00 

Greene's  Pumping  Machinery.     (In  Preparation.) 

Hering's  Ready  Reference  Tables  (Conversion  Factors) 16mo,  mor.  2  50 

*  Hobart  and  Ellis's  High  Speed  Dynamo  Electric  Machinery 8vo,  6  00 

Hutton's  Gas  Engine.  .  *. 8vo,  5  00 

Jamison's  Advanced  Mechanical  Drawing 8vo,  2  00 

Elements  of  Mechanical  Drawing 8vo,  2  50 

Jones's  Gas  Engine 8vo,  4  00 

Machine  Design: 

Part  I.     Kinematics  of  Machinery 8vo,  1  50 

Part  II.     Form,  Strength,  and  Proportions  of  Parts 8vo,  3  00 

Kent's  Mechanical  Engineer's  Pocket- Book 16mo,  mor.  5  00 

Kerr's  Power  and  Power  Transmission 8vo,  2  00 

Kimball  and  Barr's  Machine  Design.     (In  Press.) 

Levin's  Gas  Engine.     (In  Press.) 8vo, 

Leonard's  Machine  Shop  Tools  and  Methods 8vo,  4  00 

*  Lorenz's  Modem  Refrigerating  Machinery.   (Pope,  Haven,  apd  Dean)..8vo,  4  00 
MacCord's  Kinematics;  or.  Practical  Mechanism 8vo,  5  00 

Mechanical  Drawing 4to,  4  00 

Velocity  Diagrams 8vo,  1  50 

MacFarland's  Standard  Reduction  Factors  for  Gases 8vo,  1  60 

Mahan's  Industrial  Drawing.     (Thompson.) 8vo,  3  50 

Mehrtens's  Gas  Engine  Theory  and  Design Large  12mo,  2  60 

Oberg's  Handbook  of  Small  Tools Large  12mo,  3  00 

*  Parshall  and  Hobart's  Electric  Machine  Design.  Small  4to,  half  leather,  12  50 

Peele's  Compressed  Air  Plant  for  Mines 8vo,  3  00 

Poole's  Calorific  Power  of  Fuels 8vo,  3  00 

*  Porter's  Engineering  Reminiscences,  1865  to  1882 8vo,  3  00 

Reid's  Course  in  Mechanical  Drawing 8vo,  2  00 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design. 8vo,  3  00 

Richards's  Compressed  Air 12mo,  1  60 

Robinson's  Principles  of  Mechanism 8vo,  3  00 

Schwamb  and  Merrill's  Elements  of  Mechanism 8vo,  3  00 

Smith  (A.  W.)  and  Marx's  Machine  Design 8vo,  3  00 

Smith's  (O.)  Press-working  of  Metals 8vo,  3  00 

Sorel's  Carbureting  and  Combustion  in  Alcohol  Engines.     (Woodward  and 

Preston.) lia>.T^«;  Vlxaa^  "^  'C*^ 

Stone's  Practical  Testing:  of  Gas  and  Gas  Meters .%svi,    "^  ^*^ 
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Thnt!loB'5  Animal  as  a  Machine  and  Primo  Motor,  and  the  La»soI  Energetits 

12mo. 
Trealiw  on  Friction  and  Lost  Wotlc  in  Machinery  and  Mill  Work .  . .  8vo, 
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•  Tiuworlh'i  Elements  o(  Mecbanic^  Drawing Oblone  Svo, 

Warren's  ElemenU  of  Machine  Construction  and  Doiwine, 8vo. 

2iXfi|inche..  mw. 

MATERIALS   OF   ERGIHEEBIRG. 

•  Bovey'B  StiHiBth  o£  Materials  and  Theory  of  Structures Svo. 

Holley  and  Ladd's  Analysis  of  Mixed  Painli,  Cokir  PiEmeots,  and  Varnishes. 

Large  IHfflo, 

Johnson's  (C.  M.)  Rapid    Method,  for   the  Chemical   Analysis  of  Special 

Steel..  Steel- Making  Alloys  and  Graphite Large  1  ?mo 

UetcalTi  Steel.     A  Uaonal  for  Steel-ni 

Sabin's  Industrial  and  Artistic  Technology  of  Paint  and  Van 

Smith's  ((A.  W.)  Materials  of  Machines 

Smith's  (H,  E.)  Strength  of  Materia! 


ts  of  Analytical  Uechanio 

:^stance  of  Materials  and   an   Appendix 


ectrolysis  of  Iron  and 


STEAM-ENGINES   AND   BOILERS. 

Berry's  Teinperature'«ntropy  Diagram 12nio,  2  00 

Camot's  Reflections  on  the  MoUve  Power  of  Heal.     {ThuTiton.) IZmo.  1  SO 

Chase's  Art  of  Pattern  Making. i2mo,  S  10 

Creighton's  Steam-engine  and  otber  Heat  Motors gvo,  6  00 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book.  ...lOnw.  mar.  t  00 

Ford's  Boiler  Making  for  Boiler  Makers ISmo.  I  00 

*  Gebhardt's  Steam  Power  Plant  EngineeriDg Svo,  6  OH 


Hemenway's  Indicator  Practice  and  Steam-engine  E 

Hiitton's  Heal  and  Heal-enpnea Sn.  S  0« 

Mechanical  Engineenna  ol  V<™«  ¥W.«. 8n>,  S  OO 

Kent's  Steam  boiteiE.cot«™iV .«to.  4  W 


Kneass's  Practice  and  Theory  of  the  Injector 8vo, 

MacCord's  Slide-valves 8vo, 

Meyer's  Modem  Locomotive  Construction 4to, 

Moyer's  Steam  Turbine 8vo, 

Peabody's  Manual  of  the  Steam-engine  Indicator 12mo. 

Tables  of  the  Properties  of  Steam  and  Other  Vapors  and  Temperature- 
Entropy  Table .,  .8vo, 

Thermodynamics  of  the  Steam-engine  and  Other  Heat-engines.  .  .  .8vo. 

Valve-gears  for  Steam-engines 8vo. 

Peabody  and  Miller's  Steam-boilers 8vo, 

Pupin's  Thermodynamics  of  Revefsible  Cycles  in  Gases  and  Saturated  Vapors. 

(Osterberg.) 12mo. 

Reagan's  Locomotives:  Simple,  Compound,  and  Electric.     New  Edition. 

Large  12mo, 

Sinclair's  Locomotive  Engine  Running  and  Management 12mo. 

Smart's  Handbook  of  Engineering  Laboratory  Practice 12mo. 

Snow's  Steam-boiler  Practice 8vo, 

Spangler's  Notes  on  Thermodynamics 12mo, 

Valve-gears 8vo. 

Spangler,  Greene,  and  Marshall's  Elements  of  Steam-engineering 8vo 

Thomas's  Steam-turbines 8vo. 

Thurston's  Handbook  of  Engine  and  Boiler  Trials,  and  the  Use  of  the  Indi- 
cator and  the  Prony  Brake 8vo, 

Handy  Tables 8vo. 

Manual  of  Steam-boilers,  their  Designs,  Construction,  and  Operation  8vo. 

Manual  of  the  Steam-engine.. .;......;; 2vols..  8vo. 

Part  I.     History,  Structure,  and  Theory 8vo, 

Part  II.     Design,  Construction,  and  Operation 8vo. 

Steam-boiler  Explosions  in  Theory  and  in  Practice 12mo. 

Wehrenfennig's  Analysis  and  Softening  of  Boiler  Feed- water.    (Patterson). 

^       8vo, 

Weisbach's  Heat,  Steam,  and  Steam-engines.     (Du  Bois.) 8vo. 

Whitham's  Steam-engine  Design 8vo, 

Wood's  Thermodynamics,  Heat  Motors,  and  Refrigerating  Machines. .  .8vo, 


MECHANICS   PURE  AND   APPLIED. 

Church's  Mechanics  of  Engineering 8vo.     6  00 

Notes  and  Examples  in  Mechanics 8vo. 

Dana's  Text-book  of  Elementary  Mechanics  for  Colleges  and  Schools  .12mo, 
Du  Bois's  Elementary  Principles  of  Mechanics: 

Vol.    I.     Kinematics 8vo. 

Vol.  II.     Statics 8vo, 

Mechanics  of  Engineering.     Vol.    I Small  4to, 

Vol.  II Small  4to. 

*  Greene's  Structural  Mechanics 8vo, 

James's  Kinematics  of  a  Point  and  the  Rational  Mechanics  of  a  Particle. 

Large  I2mo, 

*  Johnson's  (W.  W.)  Theoretical  Mechanics i 12mo. 

Lanza's  Applied  Mechanics 8vo. 

*  Martin's  Text  Book  on  Mechanics.  Vol.  I,  Statics l2mo, 

*  Vol.  II,  Kinematics  and  Kinetics.  12mo. 
Maurer's  Technical  Mechanics .,■ 8vo, 

*  Merriman's  Elements  of  Mechanics 12mo, 

Mechanics  of  Materials 8vo, 

*  Michie's  Elements  of  Analytical  Mechanics 8vo, 

Robinson's  Principles  of  Mechanism 8vo, 

Sanborn's  Mechanics  Problems Large  I2mo, 

Schwamb  and  Merrill's  Elements  of  Mechanism.  , , 8vo, 

Wood's  Elements  of  Analytical  Mechanics 8vo, 

Principles  of  Elementary  Mechanics 12mo* 
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MEDICAL. 

*  Abderluilden*8  Physiological  Chemistry  in  Thirty  Lectures.     (Hall  and 

Dcfren.) 8vo,  15  00 

von  Behring's  Suppression  of  Tuberculosis.     (Bolduan.) 12nio,  1  00 

Bolduan's  Immune  Sera. 12mo,  1  SO 

Bordet's  Studies  in  Immunity.     (Gay).     (In  Press.) 8vo, 

Davenport's  Statistical  Methods  with  Special  Reference  to  Biological  Varia- 
tions  16mo,  mor.  1  50 

Ehrlich's  Collected  Studies  on  Immunity.     (Bolduan.) 8vo.  6  00 

*  Fischer's  Physiology  of  Alimentation Large  12mo,  2  00 

de  Pursac's  Manual  of  Psychiatry.     (Rosanoff  and  Collins.).. .  .Large  12mo,  2  50 

Hammarsten's  Text-book  on  Physiological  Chemistry.     (Mandel.) 8vo,  4  00 

Jackson's  Directions  for  Laboratory  Work  in  Physiological  Chemistry.  .8vo,  1  25 

Lassar-C^hn's  Practical  Urinary  Analysis.     (Lorenz.) 12mo,  1  00 

Mandel's  Hand-book  for  the  Bio-Chemical  Laboratory 12mo,  1  50 

*  Pauli's  Physical  Chemistry  in  the  Service  of  Medicine.      (Fischer.)..  12mo,  1  25 

*  Pozzi-Escot's  Toxins  and  Venoms  and  their  Antibodies,     ((^ohn.).  .  12mo,  1  00 

Rostoski's  Serum  Diagnosis.     (Bolduan.) 12mo,  1  00 

Ruddiman's  Incompatibilities  in  Prescriptions 8vo,  2  00 

Whys  in  Pharmacy 12mo,  1  00 

Salkowski's  Physiological  and  Pathological  Chemistry.     (Omdorff.)  ..  ..8vo,  2  50 

*  Satterlee's  Outlines  of  Htunan  Embryology 12mo,  1  25 

Smith's  Lectxu'e  Notes  on  Chemistry  for  Dental  Students 8vo,  2  50 

*  Whipple's  Tyhpoid  Fever Large  12mo,  3  00 

WoodhuU's  Notes  on  Military  Hygiene. 16mo,  1  50 

*  Personal  Hygiene 12mo,    1  00 

Worcester  and  Atkinson's  Small  Hospitals  Establishment  and  Maintenance, 
and  Suggestions  for  Hospital  Architecture,  with  Plans  for  a  Small 
Hospital 12mo,    1  25 


METALLURGY. 

Betts's  Lead  Refining  by  Electrolysis 8vo,  4  00 

Bolland's  Encyclopedia  of  Founding  and  Dictionary  of  Foundry  Terms  used 

in  the  Practice  of  Moulding 12mo,  3  00 

Iron  Founder 12mo,  2  50 

Supplement 12mo,  2  50 

Douglas's  Untechnical  Addresses  on  Technical  Subjects 12mo,  1  00 

Goesel's  Minerals  and  Metals:  A  Reference  Book 16mo,  mor.  3  00 

*  Iles's  Lead-smelting, 12mo,  2  50 

Johnson's    Rapid    Methods   for    the   Chemical   Analysis   of   Special   Steels, 

Steel-making  Alloys  and  Graphite Large  12mo,  3  00 

Keep's  Cast  Iron 8vo,  2  50 

Le  Chatelier's  High- temperature  Measurements.     (Boudouard — Burgess.) 

12mo,  3  00 

Metcalf  s  Steel,      A  Manual  for  Steel-users 12mo.  2  00 

Minet's  Production  of  Aluminum  and  its  Industrial  Use.      (Waldo.).  .  12mo,  2  50 

Ruer's  Elements  of  Metallography.      (Mathewson) 8vo. 

Smith's  Materials  of  Machines 12mo,  1  00 

Tate  and  Stone's  Foundry  Practice 12mo,  2  00 

Thurston's  Materials  of  Engineering.     In  Three  Parts 8vo,  8  00 

Part  I.       Non-metallic  Materials  of  Engineering,  see  Civil  Engineering, 
page  9. 

Part  II.     Iron  and  Steel 8vo,  3  50 

Part  III.  A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo,  2  50 

Ulke's  Modern  E\ecUo\vl\c:  C-o^jpex  "^eSvtvvcv^ 8vo,  3  00 

West's  American  Voundtv  PiacV\ce 12mo,  2  50 

Moulders'  Text  Book .Viaaa^  'L^ 


lONERALOGT. 

Baskerville's  Chemical  Elements.     (In  Preparation.)* 

Boyd's  Map  of  Southwest  Virginia Pocket-book  form. 

♦  Browning's  Introduction  to  the  Rarer  Elements 8vo, 

Brush's  Manual  of  Determinative  Mineralogy.     (Penfield.) 8vo, 

Butler's  Pocket  Hand-book  of  Minerals 16mo,  mor. 

Chester's  Catalogue  of  Minerals 8vo.  paper, 

Cloth. 

♦  Crane's  Gold  and  Silver. 8vo, 

Dana's  First  Appendix  to  Dana's  New  "System  of  Mineralogy".  .Large  8vo, 
Dana's  Second  Appendix  to  Dana's  New  *'  System  of  Mineralogy." 

Large  8vo, 

Manual  of  Mineralogy  and  Petrography. 12mo, 

Minerals  and  How  to  Study  Them 12mo, 

System  of  Mineralogy Large  8vo,  half  leather, 

Text-book  of  Mineralogy 8vo, 

Dotiglas's  Un technical  Addresses  on  Technical  Subjects 12mo, 

Eakle's  Mineral  Tables 8vo, 

Eckel's  Stone  and  Clay  Products  Used  in  Engineering.     (In  Preparation). 

Goesel's  Minerals  and  Metals:  A  Reference  Book 16mo,  mor. 

Groth's  Introduction  to  Chemical  Crystallography  (Marshall) 12mo, 

♦  Hayes's  Handbook  for  Field  Geologists 16mo,  mor. 

Iddings's  Igneous  Rocks 8vo, 

Rock  Minerals 8vo, 

Johannsen's  Determination  of  Rock-forming  Minerals  in  Thin  Sections.  8vo, 

With  Thumb  Index 

♦  Martin's  Laboratory    Guide    to    Qualitative    Analysis    with    the    Blow- 

pipe  12mo, 

Merrill's  Non-metallic  Minerals:  Their  Occurrence  and  Uses 8vo, 

Stones  for  Building  and  Decoration 8vo, 

♦  Penfield's  Notes  on  Determinative  Mineralogy  and  Record  of  Mineral  Tests. 

8vo,  paper. 

Tables  of  Minerals,   Including  the  Use  of  Minerals  and  Statistics  of 

Domestic  Production 8vo, 

♦  Pirsson's  Rocks  and  Rock  Minerals 12mo, 

♦  Richards's  Synopsis  of  Mineral  Characters 12mo,  mor. 

♦  Ries's  Clays :  Their  Occurrence,  Properties  and  Uses 8vo, 

♦  Ries  and  Leighton's  History  of  the  Clay-working  Industry  of  the  United 

States 8vo, 

♦  Tillman's  Text-book  of  Important  Minerals  and  Rocks 8vo, 

Washington's  Manual  of  the  Chemical  Analysis  of  Rocks. ,..,.,. 8vo,    2 
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MINIlfG. 

*  Beard's  Mine  Gases  and  Explosions ...*...*..  .Large  12mo,  3  00 

Boyd's  Map  of  Southwest  Virginia Pocket-book  form,  2  00 

*  Crane's  Gold  and  Silver gvo,  5  00 

*  Index  of  Mining  Engineering  Literature 8vo,  4  00 

*  8vo,  mor.  5  00 

Douglas's  Untechnical  Addresses  on  Technical  Subjects 12mo,  1  00 

Eissler's  Modem  High  Explosives gvo,  4  00 

Goesel's  Minerals  and  Metals:  A  Reference  Book 16mo,  mor.  3  00 

Ihlseng's  Manual  of  Mining 8vo,  5  00 

*  Iles's  Lead  Smelting 12mo,  2  50 

Peele's  Compressed  Air  Plant  for  Mines 8vo,  3  00 

Riemer's  Shaft  Sinking  Under  Difficult  Conditions.     (Coming  and  Peele).8vo,  3  00 

*  Weaver's  Military  Explosives 8vo,  3  00 

Wilson's  Hydraulic  and  Placer  Mining.     2d  edition,  TeviT\\X«v Vlxwa^  ^  \*^ 

Treatise  oa  Practical  and  Theoretical  Mine  "VenXAVaWoxt VLTao,    X  *«» 
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SANITART  SCIENCE. 

Association  of  State  and  National  Food  and  Dairy  Departments,  Hartford 

Meeting,  1906 8vo,  $3  00 

Jamestown  Meeting.  1907 8vo,    3  00 

*  Bashore's  Outlines  of  Practical  Sanitation 12mo,    1  25 

Sanitation  of  a  Cotmtry  House 12mo,  1  00 

Sanitation  of  Recreation  Camps  and  Parks 12mo,  1  00 

Polwell's  Sewerage.     (Designing,  Construction,  and  Maintenance.) 8vo,  3  00 

Water-supply  Engineering Svo,  4  00 

Fowler's  Sewage  Works  Analyses 12mo,  2  00 

Fuertes's  Water-filtration  Works 12mo,  2  50 

Water  and  Public  Health 12mo,  1  50 

Gerhard's  Guide  to  Sanitary  Inspections 12mo,  1  50 

*  Modem  Baths  and  Bath  Houses Svo,  3  00 

Sanitation  of  Public  Buildings 12mo,  1  50 

Hazen's  Clean  Water  and  How  to  Get  It Large  12mo,  1  50 

Filtration  Of  Public  Water-supplies Svo.  3  00 

Kinnicut,  Winslow  and  Pratt's  Purification  of  Sewage.     (In  Preparation.) 
Leach's  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

Control. Svo,  7  50 

Mason's  Examination  of  Water.     (Chemical  and  Bacteriological) 12mo,  1  25 

Water-supply.     (Considered  principally  from  a  Sanitary  Standpoint). 

Svo,  4  00 

*  Merriman's  Elements  of  Sanitary  Engineering Svo,  2  00 

Ogden's  Sewer  (Construction Svo.  3  00 

Sewer  Design 12mo,  2  00 

Parsons's  Disposal  of  Municipal  Refuse Svo,  2  00 

Prescott  and  Winslow's  Elements  of  Water  Bacteriology,  with  Special  Refer- 
ence to  Sanitary  Water  Analysis 12mo,  1  50 

*  Price's  Handbook  on  Sanitation 12mo,  1  50 

Richards's  Cost  of  Cleanness 12mo,  1  00 

Cost  of  Food.     A  Study  in  Dietaries I2mo,  1  tO 

Cost  of  Living  as  Modified  by  Sanitary  Science 12mo,  1  00 

Cost  of  Shelter I2mo,  1  00 

*  Richards  and  Williams's  Dietary  Computer Svo,  1  50 

Richards  and  Woodman's  Air,  Water,  and  Food  from  a  Sanitary  Stand- 
point  Svo.  2  00 

*  Richey's     Plumbers',     Steam-fitters',    and     Tinners'     Edition     (Building 

Mechanics'  Ready  Reference  Series) 16mo,  mor.  1  50 

Rideal's  Disinfection  and  the  Preservation  of  Food Svo,  4  00 

Sewage  and  Bacterial  Purification  of  Sewage Svo,  4  00 

Soper's  Air  and  Ventilation  of  Subways 12mo,  2  50 

Tumeaure  and  Russell's  Public  Water-supplies Svo,  5  00 

Venable's  Garbage  Crematories  in  America Svo,  2  00 

Method  and  Devices  for  Bacterial  Treatment  of  Sewage Svo,  3  00 

Ward  and  Whipple's  Freshwater  Biology.     (In  Press.) 

Whipple's  Microscopy  of  Drinking-water Svo,  3  50 

*  Typhoid  Fever Large  12mo,  3  00 

Value  of  Pure  Water Large  12mo,  1  00 

Winslow's  Systematic  Relationship  of  the  Coccaceae Large  12mo,  2  50 


MISCELLANEOUS. 

Emmons's  Geological  Guide-book  of  the  Rocky  Mountain  Excursion  of  the 

International  Congress  of  Geologists Large  Svo.  1  50 

Ferrel's  Popular  Treatise  on  the  Winds Svo,  4  00 

Fitzgerald's  Boston  Machinist ISmo,  1  00 

Gannett' s  Statist ica\  AbslxaLCt  ol  \,\\e  World 24mo,  J' 

Haines's  American  RaWvjav  "Ni^aTva^emewX, 12mo,  2  50 

Hanausek's  The  Microscopv  oi  Tec\vtv\t^\ ^to^>xc\.'5.,    ^vciXa^ ,%^^,  5  00 


Jacobs's  Betterment   Briefs.     A   Collection   of    Published   Papers   on   Or- 
ganized Industrial  Efficiency 8vo, 

Metcalfe's  Cost  of  Manufactures,  and  the  Administration  of  Workshops.. 8yo, 

Putnam's  Nautical  Charts 8vo, 

Ricketts's  History  of  Rensselaer  Polytechnic  Institute  1824-1894. 

Large  12mo, 

Rotherham's  Emphasised  New  Testament Large  8vo, 

Rust's  Ex-Meridian  Altitude,  Azimuth  and  Star-finding  Tables 8vo, 

Standage's  Decoration  of  Wood,  Glass,  Metal,  etc 12mo, 

Thome's  Structural  and  Physiological  Botany.     (Bennett) 16mo, 

Westermaier's  Compendium  of  General  Botany.     (Schneider) 8vo, 

Winslow's  Elements  of  Applied  Microscopy 12mo, 


HEBREW  AND  CHALDEE  TEXT-BOOOKS. 

Gesenius's  Hebrew  and  Chaldee  Lexicon  to  the  Old  Testament  Scriptures. 

(Tregelles.) Small  4to,  half  mor,     5  00 

Green's  Elementary  Hebrew  Grammar 12mo,     1  25 
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